Bum  i  i 


1 


p 

J- 


JOURNAL  OF 

AGRICULTURAL 

RESEARCH 


Volume  XXIII 

JANUARY  6-MARCH  31,  1923 


PUBLISHED  BY  AUTHORITY  OF  THE  SECRETARY  OF  AGRICULTURE 
WITH  THE  COOPERATION  OF  THE  ASSOCIATION 
OF  LAND-GRANT  COLLEGES 


WASHINGTON,  D.  C. 


JOURNAL  OF  AMITiAl  RESEARCH 

Vol.  XXIII.  Washington,  D.  C,  January  6-March  31,  1923 


CONTENTS 

Page 
A  Phytophthora  Footrot  of  Rhubarb.     George  H.  Godfrey  (3  text  figures; 

12  plates) 1 

Sand  Drown,  a  Chlorosis  of  Tobacco  Due  to  Magnesium  Deficiency,  and  the 

Relation  of  Sulphates  and  Chlorids  of  Potassium  to  the  Disease.     W.  W. 

Garner,  J.  E.  McMurtrey,  C.  W.  Bacon,  and  E.  G.  Moss  (7  plates) 27 

Parasitism  of  Sclerotium  rolfsii  on  Irish  Potatoes.     H.  A.  Edson  and  M.  Shapo- 

valov  (3  plates) 41 

Examination  of  Authentic  Grape  Juices  for  Methyl  Anthranilate.     Frederick 

B.  Power  and  Victor  K.  Chesnut 47 

Effect  of  Various  Inorganic  Nitrogen  Compounds,  Applied  at  Different  Stages 

of  Growth,  on  the  Yield,   Composition,   and  Quality  of  Wheat.     JehiEL 

Davidson  and  J.  A.  LeClErc 55 

Poisonous    Properties   of   Bikukulla   cucullaria    (Dutchman's    Breeches)    and 

B.  canadensis  (Squirrel  Corn).     O.  F.  Black,  W.  W.   EgglEston,  J.  W. 

Kelly,  and  H.  C.  Turner  (i  plate) 69 

Forcing  the  Germination  of  Freshly  Harvested  Wheat  and  Other  Cereals. 

George  T.  Harrington 79 

A  New  and  Efficient  Respirometer  for  Seeds  and  Other  Small  Objects:  Direc- 
tions for  its  Use.     George  T.  Harrington  and  William  Crocker  (2  text 

figures;  1  plate) 101 

Respiration  of  Apple  Seeds.    George  T.  Harrington 117 

A  Cytological  Study  of  Infection  of  Baart  and  Kanred  Wheats  by  Puccinia 

graminis  tritici.     Ruth  F.  AllEN  (6  plates) 131 

After-Ripening  and  Germination  of  Apple  Seeds.     George  T.  Harrington 

and  Bertha  C.  Hite 153 

Miscellaneous  Tests  of  Carbon  Tetrachlorid  as  an  Anthelmintic.     Maurice  C. 

Hall  and  Jacob  E.  Shillinger 163 

Structure,    Physical   Characteristics,   and   Composition  of  the   Pericarp   and 

Integument  of  Johnson  Grass  Seed  in  Relation  to  its  Physiology.     George 

T.  Harrington  and  William  Crocker  (10  text  figures) 193 

Probable  Cause  of  the  Toxicity  of  the  So-Called  Poisonous  Greensand.     J.  W. 

Kelly  (3  plates) 223 

Two  Important  New  Types  of  Citrous  Hybrids  for  the  Home  Garden — Citran- 

gequats  and  Limequats.     Walter  T.  Swingle  and  T.  Ralph  Robinson  (5 

plates) 229 

Production  and  Dispersal  of  Conidia  in  the  Philippine  Sclerosporas  of  Maize. 

William  H.  Weston,  Jr.  (2  text  figures;  10  plates) 239 

Mechanics  of  Inoculation  with  Sugar-Cane  Mosaic  by  Insect  Vectors.     E.  W. 

Brandes  (2  plates) 279 

Relation  of  Potato  Skinspot  to  Powdery  Scab.     Michael  Shapovalov  (i  text 

figure;  4  plates) 285 

Use  of  Alternating  Temperatures  in  the  Germination  of  Seeds.     George  T. 

Harrington  (20  text  figures) 295 

Water  Content  of  Barley  Kernels  during  Growth  and  Maturation.     H.   V. 

Harlan  and  Merritt  N.  Pope  (15  text  figures) ^^ 

Bacterial  Leafspot  of  Geranium  in  the  Eastern  United  States.     Nellie  A. 

Brown  (3  plates) 361 

Hydrogen-ion  Concentration  and  Varietal  Resistance  of  Wheat  to  Stem  Rust 

and  Other  Diseases.     Annie  May  Hurd 373 

Cotton- Wilt,  a  Seed-Borne  Disease.     John  A.  Elliott  (2   plates) 387 

Iron  and  Manganese  Content  of  Certain  Species  of  Seeds.  J.  S.  McHarguE.  . .  395 
Studies  Upon  the  Life  Cycles  of  the  Bacteria— Part  II:  Life  History  of  Azo- 

bacter.     F.  Lohnis  and  N.  R.  Smith  (9  plates) 401 

Influence  of  Fertilizers  Containing  Borax  on  the  Growth  and  Fruiting  of  Cotton. 

J.  J.  Skinner  and  F.  E.  Allison  (4  plates) 433 

Genetics  of  Bunt  Resistance  in  Wheat.     E.  F.  Gaines  (2  figures;  3  plates) 445 

14762— 24t 


n  Journal  of  Agricultural  Research  voi.xxm 

Page 

A  Bacterial  Leafspot  of  Tobacco.    James  Johnson  (4  plates) 481 

Parasitic  Fungi  Internal  of  Seed  Corn.    Thomas  F.  Manns  and  J.  F.  Adams 

(13  plates) 495 

Cotton  Rootrot  in  Arizona.     C.  J.  King ....       525 

Correlations  between  Various  Characters  of  Wheat  and  Flour  as  Determined  from 

Published  Data  from  Chemical,  Milling,  and  Baking  Tests  of  a  Number 

of  American  Wheats.     Jacob   Zinn 529 

Aplastomorpha  vandinei  Tucker,  an  important  Parasite  of  Sitophilus  oriza  L. 

Richard  T.  Cotton  (i  plate) 549 

Inheritance  in  Swine.     Edward  N.  Wentworth  and  Jay  L.  Lush  (i  text 

figure;  2  plates) 557 

Early  Vigor  of  Maize  Plants  and  Yield  of  Grain  as  Influenced  by  the  Corn  Root, 

Stalk,  and  Ear  Rot  Diseases.     James  R.  Holbert,  W.  L.  Buruson,  H. 

Howard  Biggar,  Benjamin  Koehler,  George  H.  Dungan,  and  Merle  T. 

Jenkins  (20  text  figures;  7  plates) 583 

Effect  of  Burning  on  Vegetation  in  Kansas  Pastures.     R.  L.  HensEL  (4  text 

figures;  2  plates) 631 

Control  of  Lettuce  Drop  by  the  Use  of  Formaldehyde.    Webster  S.  Krout  (3 

text  figures;  1  plate) 645 

Distribution  of  Pentosans  in  the  Cora  Plant  at  Various  Stages  of  Growth.     John 

H.  Ver  Hulst,  W.  H.  Peterson  and  E.  B.  Fred 655 

Stimulating  the  Growth  of  Azobacter  by  Aeration.     O.  W.  Hunter  (4  text 

figures) 665 

Gray  Mold  of  Castor  Bean.     G.  H.  Gofdrey  (5  text  figures;  13  plates) 679 

Influence  of  the  Specific  Gravity  of  Hens'  Eggs  on  Fertility,  Hatching  Power, 

and  Growth  of  Chicks.     F.  E.  Mussehl  and  D.  L.  HalberslEben 717 

Time  Required  for  Food  to  Pass  Through  the  Intestinal  Tract  of  Fowls.     B.  F. 

Kaupp  and  J.  E.  Ivey 721 

Effectiveness  of  Mulches  in  Preserving  Soil  Moisture.     F.  S.  Harris  and  H.  H. 

Yao  (6  text  figures) •.-.•••: :  • ; : 727 

Origin  of  the  Central  and  Ostiolar  Cavities  in  Pycnidia  of  Certain  Fungous 
Parasites  of  Fruits.     B.  O.  Dodge  (i  text  figure;  6  plates) 743 

Further  Studies  on  the  Pathogenicity  of  Corticium  vagum  on  the  Potato  as 
Affected  by  Soil  Temperature.     B.  L.  Richards  (i  text  figure;  1  plate) 761 

Investigations  of  the  Rosette  Disease  of  Wheat  and  Its  Control.  Harold  H. 
McKinnEy  (2  text  figures;  8  plates) 771 

Accumulation  of  Aluminum  and  Iron  Compounds  in  Corn  Plants  and  Its  Prob- 
able Relation  to  Rootrots.     G.  N.  Hoffer  and  R.  H.  Carr  (21  plates) 801 

Production  of  a  Growth-Promoting  Substance  by  Azobacter.  O.  W.  Hunter 
(2  text  figures) 825 

Sclerotinia  carunculoides ,  the  Cause  of  a  Serious  Disease  of  the  Mulberry  (Morus 
alba).     Eugene  A.  SiEGLER  and  Anna  E.  Jenkins  (i  text  figure;  2  plates) . .       833 

Influence  of  Soil  Temperature  and  Moisture  on  the  Development  of  the  Seedling- 
Blight  of  Wheat  and  Corn  Caused  by  Gibberella  saubinetii.  James  G.  Dickson 
(15  text  figures;  6  plates) ? 837 

Further  Studies  in  Photoperiodism,  the  Response  of  the  Plant  to  Relative 
Length  of  Day  and  Night.     W.  W.  Garner  and  H.  A.  Allard  (19  plates) 871 

Agameris  decaudata  Cobb,  Steiner,  and  Christie;  a  Nema  Parasite  of  Grass- 
hoppers and  Other  Insects.     N.  A.  Cobb,  G.  Steiner  and  J.  R.  Christie 92 1 

Summer  Irrigation  of  Pima  Cotton.  R.  D.  Martin  and  H.  F.  Loomis  (4  text 
figures) 927 

Permanence  of  Variety  in  the  Potato.     Fred  A.  Krantz  (i  plate) 947 

Anatomical  Studies  on  Potato  Wart.     Ernst  F.  Artschwager  (5  plates) 963 

Influence  of  Temperature  and  Evaporation  upon  the  Development  of  Aphis 
pomi  DeGeer  (8  text  figures) 969 

Downy  Mildew  on  Lettuce  in  California.     D.  G.  Milbrath  (3  plates) 989 

Determination  of  Starch  Content  in  the  Presence  of  Interfering  Polysaccharids. 
George  P.  Walton  and  Mayne  R.  Coe 995 

Biological  Notes  on  the  Hen  Flea,  Echidnophaga  gallinacea.     D.  C.  Parman 1007 


Jan.  6-Mar.  31,  1923  Contents  HI 


ERRATA  AND  AUTHORS'  EMENDATIONS 

« 

Plate  2  (facing  page  40),  legend,  line  3,  should  read  "from  top  to  bottom,"  instead  of  "from  bottom  to 
top." 

Page  185,  line  1,  should  read  "60  cc."  instead  of  "66  cc." 

Page  235,  ftn.  9,  should  read  "Technical  Description  of  the  Telfair  Citrangequat  No.  48005." 

Page  235,  ftn.  10,  should  read  "Technical  Description  of  the  Sinton  Citrangequat  No.  48050." 

Page  237,  line  10,  should  read  "Technical  Description  of  Eustis  Limequat  No.  48798." 

Page  237,  ftn.  12,  should  read  "Technical  Description  of  Lakeland  Limequat  No.  48786." 

Page  238,  ftn.  13,  should  read  "Technical  Description  of  Tavares  Limequat  No.  48792." 

Plate  5  (facing  page  238),  legend  should  read  "A.— Lakeland  Limequat  (No.  48786)."  "B.— Tavares 
Limequat  (No.  48782)." 

Page  273,  hue  21,  should  read  "M.  Frechou,  phannaeien"  instead  of  "  . .  parmacien." 

Page  282,  line  2:,  should  read  "lignified"  instead  of  "ligmified." 

Plate  2  (facing  page  283),  legend,  line  2,  should  read  "  B.— Same  setae  shown  in  A, "  instead  of  "  B.— Same 
serae  shown  in  A. " 

Page  312,  313,  should  have  the  legends  under  figure  9  and  figure  10  exchanged  (each  figure  retaining  its 
present  number). 

Page  316  should  have  the  figure  3  inserted  in  upper  left  square  on  diagram  of  germination  tray  between  the 
limbs  of  the  curve. 

Page  500,  line  28,  should  read  "till  inhibition "  instead  of  "til  inhibition." 

Page 521,  line  4,  should  read  "Aspergillus  niger"  instead  of  "  Aspergillusniger." 

Plate  5,  facing  page  524,  legend,  should  read  "  A.-Sample  of  corn  free  from  internal  parasitic  fungi "  instead 
of  "A.-Sample  of  corn  free  from  internal  paratic  fungi." 

Plate  1,  facing  page  582,  legend  should  read  "F  j"  instead  of  "F  1"  under  H.—  and  I.— 

Page  730.  lines  21-22  should  read  "is  capable  of  preventing  60  per  cent  of  the  loss  of  moisture  that  would 
occur  without  mulching"  instead  of  "preserving  60  per  cent  more  moisture  in  the  soil  than  without  mulch- 
ing." 

Page  730,  line  16,  should  read  "100  per  cent"  instead  of  "1000  per  cent." 

Page  731:  Heading  for  Table  III  should  read:  "Percentage  of  moisture  held  by  mulches,"  instead  of 
"Percentage  of  moisture  content  of  mulches." 

Page  740,  lines  5-6  should  read  "capable  of  preventing  60  per  cent  of  the  loss  of  moisture  which  would 
occur  from  unmulched  sand  soil,"  instead  of  "capable  of  preserving  60  per  cent  more  moisture  in  the  soil 
than  is  retained  without  mulching." 

Plate  3,  facing  page  760,  should  read  "Plate  4." 

Plate  4,  facing  page  760,  should  read  "Plate  3." 

Page  974,  Table  I,  Continued,  column  1,  should  read  "July  11 "  instead  of  "May  n." 

Page  373,  last  line,  should  read  "(Puccinia  gramints  tritici  Erikss.  and  Henn.)"  instead  of  "  {Puccinia 
graminis  tritici  Pers.)." 

Pages  622  and  623,  Tables  XXVII  and  XXVIII,  head  "infested  soil,"  should  stand  within  the  tables, 
below  the  column  heads,  directly  above  the  tabular  matter,  in  position  analogous  to  that  of  "  clean  son," 
below. 

Page  997,  line  12,  should  read  " polysaccharids "  instead  of  "polysaccharide." 

Page  997.  Table  I,  column  9,  line  3,  should  read  "ci.3"  instead  of  "  1.3." 

Page  1001,  Table  II,  column  4,  line  11,  should  read  "23.88"  instead  of  "28.88." 

Page  1001,  ftn.,  should  read  ">■"  instead  of  "*." 


0URNAL0FAGR1CULTURALRESEARCH 


Vol.  XXIII  Washington,  D.  C,  January  6,  1923  No.  1 


A  PHYTOPHTHORA  FOOTROT  OF  RHUBARB  l 

By  George  H.  Godfrey 

Pathologist,  Office  of  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations,  Bureau  of 
Plant  Industry,  United  Slates  Department  of  Agriculture 

INTRODUCTION 

Rhubarb  footrot  is  a  parasitic  fungous  disease  which  manifests 
itself  by  a  wilting  of  the  leaves,  followed  shortly  after  by  their  collapse 
at  the  base  of  the  petioles  and  the  rapid  death  and  decay  of  the  whole 
plant.  It  is  caused  by  a  species  of  Phytophthora  heretofore  unreported 
in  connection  with  this  crop.  The  disease  was  first  brought  to  the 
writer's  attention  in  July,  19 17,  when  a  report  was  received  in  the  Office 
of  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations,  of  the  Bureau 
of  Plant  Industry,  of  a  disease  of  rhubarb  in  a  garden  in  Brookland,  D.  C, 
which  was  killing  out  the  rhubarb  plants.  Soon  afterwards  other 
reports  from  different  points  in  the  District  were  received.  A  survey 
of  the  environs  of  Washington  showed  that  the  trouble  was  rather  wide- 
spread. 

DISTRIBUTION  AND  ECONOMIC  IMPORTANCE 

Inasmuch  as  this  disease  has  not  yet  been  reported  on  rhubarb  and 
is  not  widely  known  among  the  plant  pathologists  of  the  country,  only 
a  very  incomplete  account  of  its  distribution  can  be  given  at  this  time. 
Furthermore,  some  of  the  citations  given  are  necessarily  based  upon 
inaccurate  identifications,  as  will  be  seen,  and  must  serve  rather  as  an 
indication  of  localities  where  the  disease  may  be  found  than  as  reliable 
data  on  distribution.  Owing  to  a  change  of  duties  it  has  become  neces- 
sary to  submit  for  publication  results  as  they  stand  without  carrying 
to  a  satisfactory  conclusion  some  of  the  doubtful  phases  of  the  investi- 
gation. 

The  disease  was  observed  repeatedly  by  the  writer  during  191 7  and 
subsequently  in  various  gardens  in  the  District  of  Columbia  and  in 
neighboring  Maryland  and  Virginia.  One  newly  planted  field  was  seen 
that  was  almost  entirely  killed  out.  Numerous  reports  of  the  dying  out 
of  rhubarb  plants  in  this  same  locality,  particularly  in  small  gardens, 
have  also  been  received,  and  from  the  descriptions  given,  either  orally 
or  in  writing,  it  would  seem  that  the  cause  has  been  the  same  as  in  the 
cases  personally  studied.  Letters  and  diseased  specimens  also  were 
received  from  more  distant  points.  On  September  5,  191 7,  a  specimen 
was  received  from  Harrisburg,  Pa.,  which  was  similar  in  appearance  to 
the  Phytophthora  footrot  familiar  to  the  writer,  and  which  was  found 
to  contain  in  affected  parts  hyphae  of  Phytophthora.     While  the  fungus 
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was  not  isolated,  it  was  found  in  mixed  culture  to  belong  to  this  genus. 
In  November  of  the  same  year  a  similar  specimen  was  received  from 
Amelia  Court  House,  Va. 

These  several  occurrences  of  the  trouble  in  1917  led  to  an  examination 
of  the  card  records  of  diseased  rhubarb  specimens  and  of  correspondence 
received  by  the  Office  of  Cotton,  Truck,  and  Forage  Crop  Disease  Investi- 
gations in  previous  years.  Many  cards  were  found  upon  which  the 
descriptions  recorded  compared  favorably  with  that  of  the  disease 
caused  by  this  Phytophthora.  On  March  24,  1913,  a  specimen  was 
received  from  Bowling  Green,  Ky.,  which  consisted  of  "decay  of  under- 
ground stems."  On  January  24,  19 14,  a  specimen  of  what  was  probably 
forced  rhubarb  was  received  from  Parkersburg,  W.  Va.  It  was  called  a 
"  crown  rot "  and  described  as  follows : 

Tissue  at  base  of  leaves  soft  and  decayed,  decay  extending  into  root;  bacteria  abund- 
ant- 
Reference  to  the  paragraph  in  this  paper  headed  "  Description  of  the 
Disease"  will  show  that  abundance  of  bacteria  is  characteristic  of  the 
later  stages  of  footrot  rather  than  indicative  that  bacteria  are  in  any  sense 
primary.  On  July  31,  19 14,  a  specimen  from  Mount  Rainier,  Md.,  was 
described  as  a  "  'crown  rot'  .  .  .  tissue  full  of  bacteria."  On  September 
2,  1915,  specimens  from  Richmond,  Va.,  were  "affected  with  a  basal  stem 
decay."  On  August  3,  1916,  a  specimen  "in  bad  condition "  was  received 
in  the  office  from  a  garden  in  Washington,  D.  C.  In  January,  1920,  a 
letter  was  received  from  Cobden,  111.,  telling  of  the  occurrence  of  a  disease 
in  rhubarb  fields  that  had  killed  out  a  large  number  of  plants.  The 
statement  was  made  that  replantings  made  in  the  spring  of  1919  into 
hills  where  rhubarb  had  died  the  year  previously  were  killed  by  the 
disease  that  same  summer.  In  the  summer  of  1921  specimens  sent  from 
St.  Louis,  Mo.,  showed  typical  symptoms  and  the  presence  of  a  Phycomy- 
cete,  probably  Phytophthora,  in  the  roots.  In  addition,  reports  of 
rhubarb  diseases  with  no  particular  clue  as  to  their  identity  were  received 
from  time  to  time  from  Kentucky,  Tennessee,  Missouri,  and  Idaho. 

The  earliest  report  of  which  the  author  has  been  able  to  find  any 
record  was  contained  in  a  letter  dated  July  20,  1902,  from  Prof.  William 
Stuart,  then  at  Purdue  University,  La  Fayette,  Ind.,  in  which  he  de- 
scribed a  disease  of  rhubarb  similar  to  the  one  under  investigation. 
Specimens  accompanied  the  letter,  but  the  correspondence  shows  that 
they  were  so  much  decayed  that  it  was  impossible  to  determine  definitely 
the  nature  of  the  trouble.2 

Beach  (^),3  who  has  made  the  only  mention  of  such  a  disease  to  be 
found  in  the  literature,  reports  in  his  paper  and  by  letter  that  in  the 
summer  of  1920  a  rhubarb  crownrot  due  to  Phytophthora  was  prevalent 
in  Philadelphia  County,  Pa.,  in  one  case  having  killed  nearly  half  the 
stand  in  an  acre  field.  As  will  be  shown  later  in  this  paper,  however, 
his  disease  is  not  identical  with  that  investigated  by  the  writer,  the  causal 
organisms  being  distinctly  different. 

This  fact  complicates  the  matter  of  distribution  considerably,  inas- 
much as  the  two  diseases  appear  to  be  very  similar  if  not  indistinguish- 
able.    The  other  organism,  or  one  very  close  to  it,  has  also  been  received 


2  An  extract  from  the  letter  follows:  "The  rhubarb  plantation  from  which  the  plant  sent  you  was  taken 
is  quite  badly  affected.  The  gross  characters  o!  the  disease  in  affected  plants  is  the  wilting  of  a  leaf  or  two 
until  finally  all  are  affected,  when  the  crown  turns  dark  and  decays.  The  decay  of  the  crown  terminates 
the  existence  of  the  plant.  The  owner  oi  the  rhubarb  bed  said  that  he  replaced  all  those  that  had  died  the 
year  previous,  only  to  find  that  the  newly  set  plants  soon  became  affected  and  succumbed  to  the  disease." 

3  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  24-26. 


Jan.  6,  i923  A  Phytophthora  Footrot  of  Rhubarb.  3 

from  Ithaca,  N.  Y.,  where  it  was  isolated  from  rhubarb  in  two  separate 
gardens.  It  is  evident,  therefore,  that  the  data  here  given  on  distribu- 
tion may  have  to  do  with  the  disease  caused  by  either  one  of  the  organisms, 
except  in  those  cases  in  which  the  specific  organism  is  clearly  noted.  It 
is  hoped  that  it  will  be  possible,  after  another  season's  observations,  to 
distinguish  between  the  diseases  under  field  conditions.  Mr.  Beach  has 
much  additional  data  in  this  connection  which  will  probably  be  pub- 
lished soon  in  a  bulletin  of  the  Pennsylvania  Agricultural  Experiment 
Station.4  His  paper  is  an  important  and  valuable  contribution  to  this 
and  other  phases  of  the  rhubarb  crownrot  problems. 

It  is  not  possible  to  make  any  estimate  of  total  loss  at  this  time.  Since 
rhubarb  is  rather  extensively  grown  on  a  commercial  scale  and  the  dis- 
ease is  widespread,  it  Avill  have  to  suffice  to  say  that  the  footrot  is  of  con- 
siderable economic  importance. 

DESCRIPTION  OF  THE  DISEASE 

The  first  outward  manifestation  of  Phytophthora  footrot  is  a  sudden 
wilting  of  the  foliage,  usually  of  one  or  two  leaves  only.  The  base  of 
the  petiole,  or  leaf  stalk,  is  the  point  affected.  Here  a  distinct  lesion  is 
found,  slightly  sunken,  sometimes  not  colored,  and  sometimes  in  sharp 
contrast  with  the  pink  or  light  green  of  the  normal  petiole  because  of 
its  brown  color.  A  leaf  that  has  reached  the  wilting  stage  is  shown  in 
Plate  1,  A.  The  lesion  has  practically  girdled  the  base  of  the  stem. 
This  area  advances  rapidly,  and  in  less  than  24  hours  the  stem  may  col- 
lapse at  this  point,  allowing  the  leaf  to  fall  to  the  ground.  Leaf  stalks 
with  the  disease  slightly  farther  advanced  are  to  be  seen  in  Plate  2.  The 
tissue  is  killed  so  quickly  that  secondary  organisms,  particularly  bac- 
teria, gain  entrance  almost  immediately.  These  contribute  to  the  rapid 
decomposition  of  the  fallen  leaf,  turning  it  quickly  into  a  putrid  mass, 
especially  at  the  base,  as  shown  in  Plate  2.  This  factor  makes  it  diffi- 
cult to  isolate  the  causal  organism.  Fungi  as  well  as  bacteria  play  a 
leading  part  in  the  further  destruction  of  the  leaf.  A  species  of  Colleto- 
trichum,  probably  the  same  one  treated  by  Stevens  (24)  and  considered 
by  him  to  be  Colletotrichum  erumpens  Sacc,  is  found  in  great  abundance 
at  times  on  decumbent  rhubarb  leaves  and  petioles  in  early  and  late 
stages  of  decomposition.  Plate  3,  B,  illustrates  a  leaf  petiole  recently 
fallen  with  Colletotrichum  appearing  along  its  entire  length.  Plate  3,  A, 
shows  a  leaf  entirely  covered  with  this  fungus  in  a  fruiting  condition. 

In  weather  favorable  to  the  disease  the  first  symptoms  are  followed 
in  a  day  or  two  by  the  infection  and  collapse  of  other  leaf  stalks  in  the 
plant,  as  shown  in  Plate  4,  A.  Finally,  all  the  leaves  drop,  leaving  the 
plant  entirely  dead  (PI.  4,  B).  Meanwhile  other  plants  in  the  field  are 
similarly  affected  and  many  of  them  are  killed,  so  that  the  field  may  show 
large  vacant  areas. 

A  study  of  many  plants  in  different  stages  of  infection  showed  that  the 
fungus  advances  into  the  root  from  affected  leaf  stalks,  causing  a  brown 
decay.  Thence  it  spreads  rapidly  through  the  upper  portion  of  the 
root,  killing  the  other  leaves  and  leaf  buds.  Plate  5,  A,  a  section  through 
a  recently  killed  plant,  shows  the  advancing  edge  of  decay  due  to  the 
causal  organism.  At  the  points  marked  (X)  the  fungus  was  found  and 
identified  as  Phytophthora.     Plate  5,  B,  shows  clearly  how  the  fungus, 

'This  bulletin  has  since  appeared:  Beach.  W.  S.    the  crown  rot  of  rhubarb  caused  by  phy- 
tophthora cactorum.     Pa.  Agr.  Exp.  Sta.  Bui.  17.1,  28  p.,  as  fig.     1922.     Bibliography,  p.  27-28. 
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entering  the  root  from  one  side,  spreads  and  involves  the  whole  plant. 
The  remaining  stalks  are  doomed  to  quick  collapse,  for  the  fungus  has 
advanced  from  the  other  side  of  the  plant,  which  has  already  been  killed, 
and  has  penetrated  the  upper  portion  of  the  roots  feeding  this  side. 
Within  a  few  hours  these  stalks  would  present  the  appearance  shown 
in  Plate  4,  B. 

This  disease  should  not  be  confused  with  one  very  commonly  found 
in  rhubarb  fields  during  the  summer  months,  which  consists  of  a  dry 
necrosis  of  the  base  of  the  petiole  and  its  consequent  partition  from  the 
Oiant.  The  latter  condition  is  pictured  in  Plate  3,  C.  It  is  in  no  way 
related  to  the  Phytophthora  disease,  even  though  stalks  so  parted  from 
the  plant  may  appear  the  same  (except  for  more  marked  yellowing  of  the 
leaves),  and  may  go  through  identical  processes  of  further  decomposi- 
tion and  decay. 

Rhubarb  shows  a  remarkable  power  of  withstanding  and  checking 
further  advance  of  the  disease  if  conditions  are  not  entirely  favorable  to 
the  causal  organism.  A  change  in  the  weather  may  prevent  the  spread 
of  the  fungus  from  a  point  of  primary  infection  to  the  rest  of  the  plant. 
In  artificially  inoculated  plants  in  which  the  fungus  was  known  to  have 
entered  the  roots,  however,  the  writer  has  seen  the  disease  continue  in 
its  destruction  even  during  a  period  of  dry  weather. 

INFLUENCE     OF    WEATHER    CONDITIONS    ON     PROGRESS    OF    THE 

DISEASE 

Marked  variation  in  the  prevalence  of  this  disease  from  year  to  year 
was  noted.  This  appears  to  be  due  to  differences  in  weather  conditions, 
especially  in  the  rainfall  during  the  period  of  greatest  danger.  In  191 7 
reports  of  the  disease  were  numerous,  and  it  was  found  by  personal 
surveys  to  be  rather  general.  During  the  next  summer  very  few  reports 
of  rhubarb  diseases  of  any  kind  were  received.  Field  trips  into  localities 
that  had  been  badly  affected  in  191 7  did  not  bring  to  light  any  of  the 
disease  in  its  active  condition.  During  the  summer  of  19 19  the  writer 
had  no  opportunity  to  investigate  its  prevalence,  but  the  appearance  of 
the  experimental  field  the  next  spring  indicated  rather  heavy  loss  of 
plants.  In  1920  it  appeared  worse  than  ever,  as  was  evidenced  by 
numerous  oral  and  written  reports  and  by  personal  observations.  A 
field  at  Arlington  Experimental  Farm,  Va.,  just  across  the  Potomac 
River  from  Washington,  D.  C,  was  attacked  and  plant  after  plant  killed 
by  the  disease. 

A  study  of  the  climatological  data  for  Washington,  D.  C,  and  vicinity 
over  the  summer  months  of  19 17  to  1920,  inclusive  (26),  disclosed  some 
interesting  facts  with  regard  to  rainfall.  The  total  precipitation  for 
June,  July,  and  August,  191 7,  was  16.43  inches;  for  the  same  period  in 
19 18,  when  the  disease  was  not  to  be  found  at  all,  it  was  7.73  inches,  or 
less  than  half  that  of  the  previous  year;  for  19 19,  13.65  inches;  and  for 
1920,  15.21  inches.  It  is  a  prolonged  period  of  continuously  wet  weather, 
however,  rather  than  a  high  total  precipitation,  that  is  favorable  to  the 
development  of  the  downy  mildews  in  general.  In  this  respect,  particu- 
larly, the  weather  records  show  an  interesting  correlation  with  the  preva- 
lence of  the  rhubarb  disease.  In  July,  191 7,  two  prolonged  periods  of  daily 
rainfall  and  cloudy  weather  occurred.  During  the  first,  from  July  8  to 
July  1 1,  an  average  of  0.36  inch  fell  every  day,  followed  by  several  cloudy 
days.  Again,  on  July  22,  191 7,  0.59  inch  of  rain  fell,  followed  by  two 
cloud v  days  (49  and  46  per  cent  of  possible  sunshine),  and  on  the  next 
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day  3.27  inches,  followed  by  two  cloudy  days.  During  either  period 
conditions  undoubtedly  favored  the  development  of  a  downy  mildew. 
During  the  summer  of  19 18  no  such  period  of  prolonged  wet  weather 
occurred.  In  1920,  when  the  next  observations  on  the  disease  were 
made,  several  wet  periods  occurred,  the  longest  of  which  was  from  July 
15  to  July  23,  every  day  being  listed  as  cloudy.  In  fact,  only  one  day, 
the  19th,  showed  as  high  as  40  per  cent  possible  sunshine.  During  these 
nine  days  5.6  inches  of  rain  fell.  It  was  during  the  latter  part  of  the 
period  that  the  rhubarb  disease  appeared  at  its  height. 

The  extensive  occurrence  of  rhubarb  footrot  only  during  such  weather 
conditions  agrees  with  the  observations  of  other  workers  on  other  diseases 
of  the  same  type.     Clinton  wrote  in  1905  (6) : 

The  prevalence  of  most  parasitic  fungi  is  largely  influenced  by  the  character  of 
the  weather,  particularly  in  regard  to  moisture.  This  is  especially  true  of  the  downy 
mildews.  An  abundance  of  cloudy  or  rainy  weather  at  certain  periods  of  the  year 
determines  whether  or  not  these  troubles  will  be  injurious. 

CAUSAL  ORGANISM 

ISOLATION 

When  investigations  on  the  disease  were  started,  several  organisms 
had  to  be  isolated  and  studied  before  the  true  cause  was  discovered. 
Prominent  among  these  was  Colletotrichum  erumpens  Sacc,  which  has 
already  been  mentioned  as  being  almost  universally  found  on  decumbent 
rhubarb  stems.  This  fungus  was  reported  by  Stevens  (24)  as  the 
cause  of  a  rhubarb  disease  in  Illinois  in  19 19.  One  feature  that  cast 
suspicion  on  it  in  particular  was  that  it  was  found  fruiting  in  distinct 
lesions,  such  as  are  shown  in  Plate  3,  B,  on  freshly  fallen  rhubarb  stems. 
Furthermore,  it  appeared  to  be  constantly  associated  with  the  footrot; 
the  abundance  of  infective  material  on  old  and  dried  as  well  as  on  freshly 
fallen  leaves  would  seem  to  be  conducive  to  such  damage  as  was  noted. 
Single  spore  isolations  were  made  after  considerable  difficulty  to  free 
them  from  bacteria,  and  inoculations  were  made  upon  living  plants  in 
the  greenhouse,  under  most  favorable  conditions  as  regards  moisture  and 
temperature.  Results  were  consistently  negative.  Stems  cut  and 
inoculated  in  a  moist  chamber  became  infected,  but  the  symptoms 
differed  essentially  from  those  of  the  footrot  disease.  Several  bacteria 
were  isolated  and  used  for  inoculations  without  positive  results.  The 
finding  of  a  coenocytic  fungus  in  the  tissues  of  fresh  material  at  this  time 
led  to  a  concentration  of  effort  on  that  and  abandonment  of  further 
systematic  study  of  the  other  organisms. 

This  Phycomycete,  after  its  presence  was  first  noted  in  newly  collected 
material,  was  constantly  found  associated  with  the  typical  disease.  Re- 
peated attempts  were  made  to  isolate  it  by  the  tissue  fragment  method 
on  poured  plates  of  corn  meal  and  other  agars.  While  it  grew  very 
readily  in  most  of  the  media  used,  it  was  always  accompanied  by  con- 
taminating bacteria,  often  even  out  to  the  very  tips  of  the  growing 
hyphae.  Finally  in  September,  191 7,  pure  cultures  were  obtained.  On 
corn  meal  agar  plates  the  organism,  contaminated  as  it  was  with  bacteria, 
sometimes  made  a  rather  profuse  aerial  growth.  By  cutting  sheets  of 
sterile  agar  from  a  poured  plate  and  laying  them  one  on  top  of  another, 
little  inverted  pryamids  were  built  on  the  under  surface  of  the  cover  of 
a  Petri  dish.  These  were  turned  with  the  cover  so  as  to  be  directly  over 
the  colonies  with  good  aerial  growth.     In  two  cases  out  of  several  attempts 
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the  fungus  grew  into  contact  with  these  blocks  of  agar,  which  were  soon 
after  turned  again  over  a  clean  part  of  the  plate  and  after  several  hours ' 
growth  had  been  permitted,  were  found  to  be  free  from  all  contamina- 
tions. These  sources  were  used  to  inoculate  several  clean  plates,  and 
from  them  a  large  number  of  cultures  were  made  on  corn  meal,  oatmeal, 
and  lima  bean  agars.  Two  more  strains  indentical  in  character  with  the 
first  were  obtained  in  this  manner,  one  from  a  garden  and  the  other 
from  a  commercial  field,  both  in  the  District  of  Columbia. 

PROOF  OF  PATHOGENICITY 

A  large  number  of  rhubarb  seeds  were  planted  in  flower  pots  in  the 
Washington  pathological  greenhouses,  and  about  the  middle  of  October, 
191 7,  they  were  large  enough  for  some  preliminary  inoculation  experi- 
ments. 

Inoculation  No.  i. — A  seedling  planted  August  31  was  inoculated 
on  October  19  by  puncturing  with  a  sterile  needle  a  leaf  petiole  near  its 
base  and  applying  a  small  bit  of  a  culture  from  a  corn  meal  agar  tube. 
Five  days  later,  not  only  the  inoculated  leaf  but  all  the  others  on  the  plant 
had  fallen  to  the  ground.  Plate  6,  A,  shows  this  plant,  together  with 
the  control  similarly  treated  except  for  the  application  of  the  fungus, 
photographed  October  26. 

Inoculation  No.  2. — On  October  19  a  similar  plant  was  inoculated 
by  the  application  of  the  culture  without  injury  at  the  base  of  a  leaf 
stalk.  The  plant  was  covered  with  a  bell  jar  which  was  removed  in 
24  hours.  This  treatment  was  applied  to  two  plants.  On  October  24 
one  of  the  plants  was  dead,  and  the  other  showed  the  outer  leaves  wilted 
down.     The  control  was  perfectly  normal. 

Inoculation  No.  3. — A  plant  similar  to  the  others  was  inoculated  as 
in  No.  2,  but  the  bell  jar  was  not  applied,  moist  earth  being  piled  up 
around  the  inoculum.     At  the  expiration  of  five  days  this  plant  was  dead. 

Inoculation  No.  4  was  identical  in  method  and  results  with  No  2., 
the  plants  being  killed  and  the  controls  remaining  healthy.  In  inocula- 
tion No.  5  the  root  was  injured,  and  the  inoculum  applied  at  this  point 
resulted  in  its  decay  and  the  death  of  the  plant  as  before.  In  No.  6  the 
fungus  was  applied  to  the  root  without  injury,  and  at  the  end  of  five 
days  the  plant  was  still  healthy.  In  No.  7  the  root  was  injured  as  in 
No.  5,  with  similar  results.  '  In  No.  8  the  petiole  was  injured,  no  bell  jar 
was  used,  and  infection  was  positive.  Controls  of  No.  5,  6,  7,  and  8 
remained  healthy. 

On  November  24  an  artificially  infected  seedling  inoculated  about 
three  days  previously  and  showing  typical  signs  of  the  disease  was 
removed  from  the  greenhouse  and  an  attempt  was  made  to  reisolate  the 
organism.  One  leaf  stalk  showed  a  lesion  extending  up  the  stem  about 
%  inch  and  a  rot  extending  into  the  root  from  ]/2  to  %  inch  on  one  side. 
In  a  microscopic  mount  from  the  advancing  edge  of  the  decay,  hyphae  of 
Phytophthora  could  be  seen  apparently  free  from  other  organisms. 
Saprophytic  fungi,  bacteria,  and  nematodes  were  abundant  at  the  points 
of  earliest  decay.  Isolation  attempts  on  rhubarb  juice  agar  and  potato 
agar  plus  rhubarb  juice,  made  by  the  tissue  fragment  method,  failed  to 
get  the  organism  into  pure  culture,  though  the  Phytophthora  developed 
and  fruited. 

These  results  were  so  strongly  indicative  that  the  right  organism  had  been 
found  as  to  justify  confining  further  operations  practically  to  this  fungus. 
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Pathogenicity  was  completely  proved  later.  Meanwhile  a  large  number  of 
rhubarb  roots  of  standard  varieties  had  been  obtained  from  a  seedsman. 
These  were  planted,  both  in  a  field  plot  and  in  flowerpots  in  the  green- 
house, at  Arlington  Farm.  In  the  greenhouse  further  inoculations  were 
made  on  the  large  plants  obtained  from  roots,  and  these  were  almost 
invariably  successful,  resulting  in  the  majority  of  cases  in  the  death  of 
the  whole  plant  and  the  decay  of  the  root.  Inoculations  made  into  both 
the  aerial  parts  and  the  roots  gave  this  result.  Plantings  made  in  the 
spring  in  the  commercial  grower's  field  to  replace  plants  that  had  been 
killed  by  the  disease  the  previous  season  resulted  in  the  decay  and  death 
of  the  new  plants.  Inoculations  into  large,  vigorous  plants  in  the  field 
at  Arlington  Farm,  made  by  applying  the  fungus  from  pure  culture  at  the 
base  of  a  stalk  where  moisture  is  abundant  and  growth  is  rapid,  resulted 
not  only  in  the  death  of  the  particular  stalk  inoculated  but  in  the  rapid 
destruction  of  the  entire  plant. 

It  became  necessary  to  discontinue  the  investigation  of  this  problem 
about  midsummer,  191 8,  in  order  to  take  up  important  war  emergency 
work.  Except  for  the  maintenance  of  cultures  and  occasional  observa- 
tions, it  was  not  until  the  summer  of  1920  that  the  writer  was  again  able 
to  devote  any  considerable  attention  to  the  problem.  Early  in  July,  1920, 
the  experimental  field  at  Arlington  Farm  was  in  vigorous  growing  condi- 
tion, and  none  of  the  disease  was  evident.  Another  series  of  inoculation 
experiments  was  started  under  these  conditions.  When  the  inoculations 
were  made  the  weather  was  not  altogether  favorable  for  infection,  and 
water  and  shade  were  applied  artificially,  as  indicated  below.  A  period 
of  wet  weather  followed  immediately  after,  however,  and  this  resulted  not 
only  in  the  rapid  development  of  the  fungus  in  plants  inoculated  but  also 
apparently  in  its  spread  to  other  plants.  The  experiment  is  reported  in 
detail  in  Table  I. 
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Inoculations  No.  21  to  28  were  made  similarly,  except  that  the 
inoculum  was  applied  in  each  case  to  the  crown  at  the  points  from  which 
stalks  were  pulled.  From  three  to  five  points  were  inoculated  in  each 
plant.  Immediately  after  the  plants  were  inoculated  every  other  plant 
was  sprayed  at  its  base  with  4-4-50  Bordeaux  mixture,  the  intent  being 
to  determine  whether  plants  could  be  protected  from  infection  by  this 
means.  Inoculation  and  spraying  were  done  on  July  12.  Five  days  later 
observations  were  made  and  final  notes  were  taken  in  the  spring  of 
192 1.  Eventually  three  of  the  four  plants  inoculated  and  not  sprayed 
succumbed  to  the  disease.  Spraying  served  to  prevent  infection,  for 
none  of  the  sprayed  plants  died. 

In  connection  with  the  motion-picture  film  illustrating  zoospore  emer- 
gence, mentioned  by  Godfrey  and  Harvey  (11)  another  inoculation,  No. 
29,  was  made  on  July  20.  Three  or  four  stalks  were  pulled  from  a  large 
plant  and  inoculum  was  applied  from  a  Petri  dish  culture  at  the  broken 
stubs  in  the  crown.  This  inoculation  resulted  in  the  spread  of  the  organ- 
ism to  other  parts  of  the  plant  and  the  ultimate  death  of  the  plant. 
Plate  6,  B,  shows  this  plant  photographed  on  July  26.  Plate  4,  B,  is 
from  a  photograph  of  a  plant  that  became  diseased  as  the  result  of 
inoculation  11  (Table  I)  photographed  July  17. 

As  indicated  in  the  tabulations  after  inoculations  No.  10  and  14, 
reisolations  were  made  from  affected  parts.  In  the  case  of  the  leaf 
inoculated  by  application  of  zoospores  (No.  10)  reisolation  was  accomp- 
lished by  cutting  out  a  portion  of  the  base  of  a  large  leaf  vein  that  had 
become  infected,  washing  it  for  about  a  minute  in  mercuric  chlorid  1  to 
1,000  and  then  in  three  changes  of  sterile  water,  and  applying  in  pieces 
broken  apart  with  sterile  forceps  to  an  agar  plate.  This  resulted  in  a 
pure  culture  of  the  same  organism  as  was  used  in  making  the  inoculation. 
An  isolation  was  made  from  the  base  of  the  affected  stalk  in  No.  14  in 
practically  the  same  way.  One  of  the  bits  gave  a  pure  culture.  These 
cultures  were  used  for  successful  inoculations  in  the  greenhouse  during 
the  following  winter.  Thus  Koch's  rules  of  proof  of  pathogenicity  were 
completed  and  this  organism  was  established  definitely  as  the  cause  of 
the  disease. 

Still  further  inoculations  and  reisolations  were  made  in  the  spring  of 
192 1  on  some  potted  rhubarb  plants  in  the  greenhouse.  At  this  time 
an  easy  method  of  isolation  to  free  quickly  from  contaminating  organ- 
isms was  worked  out.  On  the  chance  that  it  may  be  useful  to  other  workers 
on  Phytophthora,  this  method  is  here  described.  It  consists  simply  of 
inoculating  with  the  mixed  culture  a  good  sound  apple,  according  to  the 
methods  described  completely  in  connection  with  another  phase  of  the 
problem  on  page  15  of  this  paper.  The  Phytophthora  quickly  outgrew 
the  contaminating  bacteria  and  in  about  two  days  was  obtained  abso- 
lutely pure  by  transferring  from  the  advancing  edge  of  decay  in  the 
interior  of  the  apple.  Plate  7,  B,  shows  the  fungus  in  pure  culture,  grow- 
ing from  such  transfers  of  apple  tissue,  compared  with  the  contaminated 
culture  A,  made  by  transferring  from  near  the  point  of  inoculation. 

DESCRIPTION  OF  THE  FUNGUS 

So  much  has  been  written  from  time  to  time  of  the  characters  peculiar 
to  members  of  the  genus  Phytophthora  and  of  their  behavior  in  culture 
that  an  effort  will  be  made  here  to  avoid  useless  repetition  by  reference 
to  previous  papers  wherever  possible.     An  exception  will  be  made  of 
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points  upon  which  emphasis  is  deemed  desirable,  and,  of  course,  of  any- 
new  points  that  may  be  brought  out. 

Morphologically  distinct  sporangiophores  of  this  fungus  have  never 
been  observed  by  the  writer  in  nature.  Sporangia  have  been  observed, 
but  always  attached  to  hyphal  branches  that  could  not  be  distinguished 
by  any  morphological  characters  from  other  aerial  hyphae  of  the  fungus. 
In  pure  culture  this  same  condition  seems  to  exist.  Attempts  were  made 
with  the  use  of  Van  Tieghem  cells  to  produce  sporangiophores,  as  was 
dene  by  Rosenbaum  with  several  different  species  of  Phytophthora  (21) . 
h  the  aerial  hyphae  that  developed,  sporangia  could  be  seen  on  irreg- 
ularly branched  hyphae.  In  no  case  were  clusters  of  sporangia  seen, 
such  as  are  pictured  by  Rosenbaum.  Plate  8,  D,  E,  F,  and  Plate  9,  G, 
H,  are  camera-lucida  drawings  of  sporangia  as  found  in  pure  cultures 
attached  to  the  hyphae. 
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Fie.  1. — Graph  showing  the  variation  in  length  and  width  of  sporangia  of  Phytophthora  Parasitica 

var.  rhei. 

Sporangia  are  variable  in  size  and  shape  but  on  an  average  would  be  said 
to  be  comparatively  large,  and  of  the  short,  ovate  type  rather  than  the  long, 
slender  kind.  Figure  1  shows  the  results  of  200  measurements  and  shows 
graphically  the  sizes  of  greatest  frequency.  It  will  be  seen  that  practically 
all  of  them  fall  within  the  limits  of  33  to  48  n  by  24  to  39  n,  the  mode 
being  39  by  30  n,  the  average  41.03  by  30.85  /x.  The  ratio  of  length  to 
width  varies  from  1.2  to  1.5,  1.3  occurring  more  than  any  other.  Pa- 
pillae are  mostly  apical,  an  occasional  lateral  one  being  found.  They 
are  prominent,  the  average  of  25  measurements  being  2.75  n  in  height  and 
5.9  n  in  width.  Sporangia  are  mostly  terminal,  but  frequently  intercal- 
ary. Intercalary  sporangia  are  sometimes  normal  in  both  size  and  shape, 
but  many  functioning  sporangia  have  been  observed,  very  small,  spheri- 
cal, and  lacking  the  apical  papillae.  Such  were  considered  out  of  the 
ordinary  and  were  not  included  in  spore  measurements.  The  wall  of 
the  sporangium  gives  the  true  cellulose  reaction  to  the  chloroiodid  of 
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zinc  stain,  described  by  Stevens  (25,  p.  300)  and  other  authors.  The 
figures  in  Plate  10,  E,  G,  and  H,  are  photomicrographs  of  typical  spo- 
rangia before  the  escape  of  zoospores.  These  figures  bring  out  clearly 
the  apical  papillae.  Figures  C  and  I  in  Plate  8  are  camera-lucida  draw- 
ings of  typical  sporangia. 

Chlamydospores  are  sometimes  very  abundant  in  pure  culture.  They 
are  spherical,  thick-walled  as  compared  with  sporangia,  and  in  some 
media  slightly  brownish  in  color.  They,  too,  may  be  either  terminal  on 
the  ends  of  short  branches  or  intercalary.  They  are  relatively  large, 
measuring  from  27  to  39  y,  in  diameter,  33  (x  being  the  mode,  as  indicated 
by  Figure  2,  depicting  the  results  of  200  measurements.     Plate  10,  F,  is 
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-Graph  showing   variation   in   diameter   of  oospores  and  chlamydospores  of   Phytophthora 

parasitica  var.  rkei. 


a  small,  laterally  attached  chlamydospore,  and  Plate  8,  A,  one  that  is 
intercalary. 

Oospores  are  also  found  abundantly  in  pure  culture,  especially  in  some 
of  the  more  nutrient  media,  such  as  oatmeal  or  lima  bean  agar,  though 
they  have  been  observed  very  thickly  at  times  in  corn  meal  agar,  in  the 
small  piece  of  the  medium  with  which  the  transfer  was  made  from  one 
tube  to  another.  Oospores  are  spherical,  ranging  from  21  to  27  n  in  dia- 
meter, the  mode  being  24  n  (fig.  2)  and  the  mean  a  fraction  less  than  25  /*. 
The  type  of  fertilization  of  the  oogonium  is  always  amphiginal,  as  de- 
scribed originally  by  Pethybridge  (18,  p.  536)  and  shortly  after  by  Dastur 
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(io).  Figures  A  to  D,  in  Plate  io,  are  photomicrographs  of  typical  speci- 
mens. Two  views  of  the  same  oospore  are  shown  here,  A  with  the  focus  on 
the  stalk  of  the  oogonium  and  B  on  the  oospore  wall.  Another  oospore 
and  a  sporangium  are  also  in  the  field,  but  neither  is  in  focus.  C  shows 
especially  well  the  relation  between  oogonium  and  antheridium,  arising 
from  separate  hyphae.  Plate  8  includes  camera-lucida  outline  drawings 
of  oospores,  with  the  oogonium  arising  from  the  same  (H)  and  from 
different  (G)  hyphae.  Oospores  are  thick-walled,  sometimes  hyaline, 
sometimes  distinctly  brown,  depending  upon  the  substratum.  The 
«  regular  thickening  of  the  outer  wall  of  the  oogonium  after  the  oospore 
it  mature,  mentioned  by  Dastur  (io,  p.  202),  is  often  seen  in  oatmeal'agar. 
The  antheridia  are  variable,  having  been  seen  in  all  gradations  from  half 
the  diameter  of  the  oospore  and  almost  square  in  shape  to  small  and  cir- 
cular in  outline.  Antheridia  are  persistent. 

Hyphae  are  slender,  though  variable,  and  full  of  granular  protoplasm 
in  younger  cultures.  A  rapid  flowing  or  streaming  of  the  protoplasm 
has  been  observed  under  higher  magnifications  in  young  cultures  on 
plates  of  clear  corn  meal  agar.  This  flowing  can  be  seen  for  only  a  few 
seconds  after  the  cover  of  the  plate  is  removed;  the  drying  out  of  the 
cultures  appears  to  stop  it.  The  type  of  mycelium  varies  considerably 
with  different  culture  media.  Various  features  described  in  different 
papers  have  been  observed.  There  are  no  septa  in  the  younger  hyphae, 
but  in  older  cultures  septations  are  frequent.  Plate  10  shows  hyphae  as 
seen  in  microscopic  mounts.  Irregularities  of  the  most  extreme  nature, 
even  approaching  the  tuberculate  structures  mentioned  by  Rosenbaum 
(21,  p.  24)  as  a  characteristic  of  Phytophthora  syringae  Klebh.,have  been 
seen  occasionally.     Hyphal  walls  and  septations  consist  of  true  cellulose. 

Zoospore  production  in  Phytophthora  has  been  repeatedly  described. 
The  manner  of  their  development  and  emergence  from  the  sporangium 
is  in  this  species  apparently  identical  with  that  in  Phytophthora  para- 
sitica Dastur  as  described  by  Dastur  (10,  p.  194).  One  feature  that  was 
particularly  noticeable  with  this  organism  was  the  rapidity  with  which 
zoospore  development  occurs  when  a  water  mount  is  made  from  a  culture 
of  the  right  age  and  condition.  When  cultures  are  maintained  at  room 
temperature,  zoospore  production  can  be  observed  at  any  time  within  a 
few  minutes.  Often  less  than  a  minute  from  the  time  the  mount  was 
made  sufficed  to  note  the  beginning  of  activity.  Sometimes  15  or  20 
minutes  are  required.  Normally,  activity  begins  in  less  than  5  minutes, 
during  which  time  the  changes  in  the  protoplasm  can  be  observed.  This 
feature,  together  with  the  abundance  of  sporangia  produced  on  some  of 
the  ordinary  media,  the  long  life  of  the  organism  in  culture,  and  other 
characters  mentioned  in  this  paper  seem,  in  the  writer's  opinion,  to  make 
it  particularly  desirable  to  use  for  laboratory  study  in  plant  pathology 
courses. 

A  motion-picture  film  has  been  prepared,  as  noted  elsewhere  by  God- 
frey and  Harvey  (11),  partly  for  the  purpose  of  showing  to  best  advantage 
the  details  of  the  development  and  escape  of  the  zoospores.  Through 
the  courtesy  of  the  motion-picture  laboratory  portions  of  that  film  which 
show  different  stages  in  the  process  are  reproduced  in  Plate  11.  The 
first  row  shows  the  protoplasm  rounded  out  into  zoospores,  with  cleavage 
lines  distinctly  visible.  This  stage  is  more  clearly  brought  out  in  Plate 
10,  H,  which  shows  a  specimen  killed  with  osmic  acid  fumes  just  previous 
to  the  escape  of  the  zoospores,  and  treated  with  chloroiodid  of  zinc  (25, 
p.  300).     This  stains  the  sporangium  wall  a  light  blue  or  purple  and  the 
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contents  yellow.  Next  occurs  a  sudden  bursting  outward  of  the  papilla, 
which  can  be  seen  in  strip  B.  It  was  distinctly  seen  that  there  is  no 
bursting  of  a  membrane,  but  rather  a  stretching  of  the  apparently  gelati- 
nous substance  of  the  papilla  itself  into  a  thin  plasma  membrane,  which 
ordinarily  remains  intact,  holding  the  contents  together,  until  a  large 
part  or  rarely  all  of  the  protoplasm  is  out  of  the  sporangium.  The  mem- 
brane then  gives  way  all  at  once,  possibly  by  becoming  dissolved  rather 
than  bursting  at  any  one  point,  and  the  zoospores  free  themselves  from 
one  another  and  swim  away  in  all  directions.  This  stage  is  shown  in 
Plate  1 1 ,  C.  By  comparing  the  extremities  of  the  strip,  it  will  be  seen 
that  change  is  rapid  at  this  stage.  The  pictures  are  taken  at  the  rate  of 
16  per  second.  At  this  stage  also  flagellae  may  often  be  seen  lashing  out 
on  all  sides  of  the  protoplasmic  mass  at  the  mouth  of  the  sporangium. 
With  a  large  sporangium,  which  may  contain  as  many  as  64  zoospores, 
those  that  escape  first  in  a  single  body  usually  become  free  and  swim 
away  before  the  last  are  out.  This  condition  is  evident  in  E.  In  such 
a  case  it  is  interesting  to  watch  the  amoeboid  movements  of  the  final 
parts  of  the  protoplasmic  mass.  Figures  F  and  G  show  the  final  stages 
of  this  very  interesting  phenomenon.  Plate  8,  B,  also  shows  different 
stages  of  zoospore  emergence,  as  drawn  with  the  aid  of  the  camera  lucida. 

Zoospores  are  so  active  when  first  they  become  free  that  it  is  impossible 
to  catch  any  but  the  faintest  glimpse  of  the  flagellae.  Many  observa- 
tions under  different  conditions,  however,  revealed  bit  by  bit  the  various 
phases  of  their  activity.  Perhaps  the  be^  view  of  them  in  their  normal 
activity  was  obtained  in  the  slightly  dull  light  of  late  afternoon,  with  the 
direct  light  from  the  blue  sky  and  a  2.5-mm.  Zeiss  water  immersion 
lens.  This  particular  light  appeared  to  provide  the  correct  conditions 
for  displaying  the  delicate  flagellae.  These  observations  were  possibly 
still  further  favored  by  a  low  temperature,  which  appears  to  slow  up  the 
movements  of  the  organism. 

The  zoospores  are  the  usual  Phytophthora  type,  kidney-shaped,  bicil- 
iate,  contents  granular,  and  nucleus  indistinctly  visible  in  the  unstained 
specimens.  They  measure  8  to  9  by  11  to  13  ju  while  active,  gradually 
rounding  up  as  they  lose  their  activity.  Eventually  they  are  globose 
and  measure  from  8  to  10  ju  in  diameter.  The  flagellae  are  attached 
close  together  in  a  longitudinal  groove  on  one  side.  As  the  swarm  spore 
swims  along  with  its  more  pointed  end  forward,  the  anterior  flagellum 
is  the  shorter,  being  approximately  twice  the  length  of  the  spore. 
It  lashes  violently  back  and  forth.  The  posterior  one  is  about 
2]/2  times  the  length  of  the  spore  and  drags  along  without  much 
motion.  As  the  zoospore  gradually  comes  to  rest,  slight  enlargements 
may  be  seen  on  the  ends  of  the  flagellae.  As  these  droplets  become  larger 
the  flagellum  shortens  by  what  appears  to  be  a  process  of  deliquescence. 
This  has  been  observed  in  connection  with  some  of  the  water  molds  and 
has  evidently  been  observed  in  Phytophthora  as  well,  for  Sawada  pic- 
tures it  in  connection  with  Phytophthora  allii  Sawada  {22,  PL  1).  The 
droplets  approach  the  spore  as  it  becomes  quiet  and  round,  and  it  is 
presumed  that  they  drop  off,  though  this  has  not  been  confirmed  by  the 
writer.  One  spore  under  observation  for  15  minutes  showed  the  drop- 
lets still  not  quite  in  contact  with  the  spore,  and  it  was  lost  before  any 
further  change  took  place.  Most  zoospores  after  having  come  to  rest 
do  not  have  these  droplets  attached.  Plate  9,  A  to  C,  are  camera-lucida 
drawings  made  from  fixed  materials.  A  slide  showing  swarm  spores  in 
various  stages  of  activity  was  held  for  about  10  seconds  over  a  bottle  of 


14  Journal  of  Agricultural  Research  vol.  xxm,  no.  i 

2  per  cent  osmic  acid.  This  killed  the  spores  instantly.  Then  very  dilute 
aqueous  gentian  violet  solution  was  applied,  resulting  in  the  immediate 
staining  of  the  spores.  The  flagellae  too,  being  at  rest,  were  distinctly 
visible,  and  in  certain  cases  their  position  would  seem  to  indicate  their 
instantaneous  cessation  of  normal  active  motion.  The  osmic  acid  dark- 
ened the  oil  contents  of  the  spores  sufficiently  to  interfere  with  the  view 
of  the  structure  of  the  protoplasm;  consequently  no  attempt  was  made 
with  this  material  to  draw  the  cell  contents.  Figure  A  of  Plate  9  shows 
cpores  in  varying  positions,  with  flagellae.  Figure  B  shows  different 
stages  in  their  deliquescence  and  disappearance.  Here  is  seen  a  rounded 
spore  that  has  come  to  rest  with  the  droplets  still  attached.  Figure  C 
shows  zoospores  that  are  abnormal  or  that  had  not  sufficient  time, 
before  being  killed,  to  round  out  into  normal. 

Within  an  hour  or  two  after  motility  ceases  zoospores  often  begin 
to  germinate.  Plate  9,  D,  consists  of  drawings  of  germinating  zoospores 
in  different  stages  of  growth.  Germination  in  water  sometimes  results 
in  the  formation  of  small  conidia,  normal  in  appearance,  as  shown  in  F. 
These  may  produce  zoopores,  or  may  germinate  by  germ  tubes  and 
continue  the  vegetative  growth.  At  times  also  small  chlamydospores 
may  be  formed  (PI.  9,  E).  Germination  on  a  plate  of  corn  meal  agar 
resulted  in  the  development  of  normal  vegetative  hyphae  such  as  occur 
when  the  host  plant  is  infected  with  zoospores.  Figures  K,  L,  and  M 
in  Plate  10  consist  of  photomicrographs  of  germinating  zoospores  in 
different  stages. 

CULTURAL   CHARACTERISTICS 

The  appearance  of  this  Phytophthora,  as  of  others,  differs  considerably 
on  different  media.  It  was  not  grown  on  an  extensive  list  of  media 
for  the  express  purpose  of  making  comparisons,  but  on  those  used  for 
special  purposes,  observations  were  made  as  follows : 

Corn  meal  agar  (30  gm.  corn  meal,  20  gm.  agar,  1,000  cc.  water). 
At  first  growing  on  and  beneath  the  surface,  the  organism  very  quickly 
(usually  by  the  second  day)  produces  aerial  hyphae  which,  in  mass, 
present  a  loose,  fluffy,  semitransparent  appearance  rather  than  a  pure 
white,  cottony  appearance,  such  as  occurs  with  many  fungi  producing 
colorless  hyphae.  Mature  sporangia  may  be  found  on  the  fourth  day, 
though  they  are  not  present  in  greatest  abundance  until  the  culture  is 
from  10  days  to  2  weeks  old.  Chlamydospores  and  oospores  may  often 
be  found  attached  to  the  glass  above  the  surface  of  the  medium,  especi- 
ally if  a  thin  layer  of  the  agar  were  left  there  while  the  tube  was  being 
slanted. 

Oatmeal  agar  (100  gm.  ground  Quaker  oats,  20  gm.  agar,  1,000  cc. 
water).  The  growth  is  similar  to  that  on  corn  meal  agar,  except  that 
the  aerial  mycelia  become  more  dense.  This  medium  is  very  good  for 
the  development  of  oospores,  which  occur  profusely  in  the  surface  layer 
after  it  dries  out  a  little. 

Lima  bean  agar  (100  gm.  lima  beans  in  2  per  cent  agar).  Growth  is 
similar  to  that  on  corn  meal  agar,  except  that  the  surface  and  subsurface 
development  is  more  pronounced  and  of  longer  duration  before  the 
aerial  hyphae  develop,  and  the  latter  growth  is  not  nearly  so  dense. 
This  medium  is  a  very  good  indicator  as  to  the  purity  of  a  culture. 
Bacterial  contaminations  become  evident  very  soon,  if  they  are  present. 
It  is  also  good  for  the  production  of  oospores,  which  are  sometimes  found 
in  great  abundance  embedded  in  the  surface  layers. 
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Various  sterilized  vegetable  plugs  were  used.  Dastur  has  noted 
(io,  p.  217)  that  Phytophthora  parasitica  failed  to  develop  on  sterilized 
carrot  and  sterilized  sweet  potato.  The  writer's  strain  grew  very  readily 
on  these  media,  producing  a  tough  superficial  mat  of  hyphae  at  first,  and 
after  a  few  days  a  dense  white  cottony  growth.  The  growth  was  similar 
on  string  bean  plugs  and  on  sterilized  potato.  On  none  of  these  vegetable 
plugs  were  sporangia  produced  to  any  great  extent. 

The  organism  is  very  tolerant  to  acid,  at  least  to  that  found  in  the  rhu- 
barb stem,  as  might  be  expected  from  its  habits  in  nature.  It  grew  in 
pure  culture,  though  somewhat  slowly,  in  rhubarb  decoction  that  titrated 
roughly  to  phenolphthalein  0.07  N  ( +  70  Fuller's  scale).  Haas  (12)  gives 
the  following  figures  for  the  acidity  of  different  parts  of  the  rhubarb  leaf 
stalk;  basal  part,  actual  acidity  or  concentration  of  free  hydrogen  ions, 
determined  electrometrically,  0.0007  N;  intermediate  part,  actual  acidity 
0.0005  N,  total  acidity  0.1578  N;  green  part  below  leaf  blade,  actual 
acidity  0.00022  N,  total  acidity  0.1681  N.  As  Haas  states,  there  is  here 
shown  a  great  difference  between  the  total  and  actual  acidities,  which 
difference  is  probably  advantageous  to  the  plant's  metabolism  in  that  it 
helps  to  maintain  fairly  constantly  that  actual  acidity  which  is  most 
favorable.  Even  the  actual  acidity  is  unusually  high,  however,  as  is 
shown  by  the  same  author  in  another  paper  (xj),  in  which  he  compares  it 
with  soybean,  the  former  having  a  PH  of  3.36  (acidity  0.00044  N)  and 
the  latter  of  5.85  (acidity  0.0000014  N).  The  acidity,  however,  does 
not  prevent  the  active  invasion  of  the  Phytophthora  into  all  parts  of  the 
stalk,  as  has  been  shown  repeatedly  by  observations  in  the  field  and  inoc- 
ulations into  rhubarb  stalks  in  the  laboratory.  Neither  is  high  acidity 
requisite  to  the  rapid  growth  of  the  organism,  as  is  shown  by  its  ability 
to  grow  on  a  wide  variety  of  artificial  culture  media  and  on  many  common 
fruits  and  vegetable  roots. 

In  the  winter  of  191 7  inoculations  were  made  into  the  starchy  food- 
storing  roots  and  tubers  of  various  plants.  This  was  repeated  in  1920-21 
with  a  wider  range  of  hosts,  including  certain  fruits.  The  roots  and  fruits 
were  first  thoroughly  surface  sterilized  by  immersing  for  10  to  15  minutes 
in  1  to  240  formaldehyde,  then  wrapped  in  a  dry  towel  and  allowed  to 
stand  overnight.  The  inoculations  were  made  by  cutting  a  deep  slit  with 
a  sterile  scalpel  and  inserting  the  inoculum  from  a  vigorous  culture  about  8 
days  old.  The  specimens  were  then  placed  in  moist  chambers  and  allowed 
to  stand  2  to  4  days. 

Stayman  Winesap  and  Grimes  Golden  apples  were  both  rapidly 
attacked,  the  fungus  growing  in  toward  the  center  as  rapidly  as  it  spread 
beneath  the  skin.  The  decay  of  the  fruit  was  light  brown  or  tan  in  color 
and  of  a  soft  and  mealy  consistency.  Typical  hypae  could  be  found  at 
any  point  in  the  advancing  edge  of  the  decayed  area.  Reisolations  were 
easily  secured  free  from  contaminations,  from  the  advancing  edge 
beneath  the  skin,  or  from  the  interior  of  the  fruit.  Seeds  that  had  been 
reached  by  the  fungus  in  one  of  the  fruits  when  planted  in  a  plate  of 
corn  meal  agar  gave  a  pure  culture  of  it.  Parsnips  {Pastinaca  saliva  L.) 
were  readily  attacked  with  a  soft,  wet,  but  not  watery  decay  and  a 
characteristic  pinkish  or  light  purplish  discoloration  of  the  surface. 
Carrots  (Daucus  carota  L.)  also  were  rapidly  decayed,  with  a  clear  watery 
condition  developing  darker  in  color  than  the  normal.  The  decay  spread 
to  the  growing  leaves  and  quickly  involved  them.  Turnips  (Brassica 
rapa  L.)  decayed  more  slowly  and  did  not  lose  their  hard  texture,  but  a 
distinct  blackening  of  the  interior  occurred.     Sweet  potatoes  (Ipomoea 
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batatas  Poir)  were  readily  attacked,  with  a  firm  dryrot,  and  the  pro- 
duction of  a  distinct  rose-geranium  odor  that  is  always  evident  in  soft- 
rot  due  to  Rhizopus  nigricans  Khr.  (14,  p.  341).  White  potato  (Solanum 
tuberosum  L.)  decayed  rapidly  with  exactly  the  same  symptoms  as  those 
described  by  Pethybridge  for  Phytophthora  erythroseptica  Pethyb.  (18). 
The  pink  color,  though  not  evident  when  the  tuber  was  first  cut,  developed 
in  the  course  of  half  an  hour's  exposure  to  the  air.  This  was  especially 
striking  when  first  seen,  because  of  its  unexpectedness.  It  was  followed 
by  a  change  to  dark  brown  as  with  the  other  species.  Tomato  fruits 
(Lycopersicon  esculentum  Mill),  green  and  ripe,  were  rapidly  attacked, 
with  the  spread  of  the  fungus  through  the  interior  with  brown  dis- 
colorations.  No  aerial  mycelium  developed.  Dasheen  (Cclocasia  anti- 
quorum  Schott)  corms  were  not  attacked  by  the  fungus,  though  the 
same  moisture  and  temperature  conditions  prevailed  as  with  all  the 
others.  Onion  (Allium  cepa  L,.)  was  not  decayed,  except  slightly  in  the 
particular  layer  in  which  the  inoculum  was  placed. 

The  whole  series  was  in  duplicate,  with  a  third  specimen  punctured, 
but  not  inoculated,  as  a  control.  All  controls  remained  intact.  Later 
the  entire  series  was  repeated  with  identical  results.  Reisolations  of  the 
organism  into  pure  culture  were  made  from  all  except  the  onion  and  the 
dasheen.  Plate  12  consists  of  photographs  of  the  different  specimens, 
showing  the  nature  of  the  decay  produced. 

Temperature  has  a  marked  influence  on  the  development  of  the  organ- 
ism. Corn  meal  agar  plates  were  placed  in  a  series  of  Altmann  con- 
trolled temperature  incubators  ranging  from  about  40  to  400  C,  with 
intervals  of  from  20  to  30.  The  cardinal  temperatures,  as  indicated  by 
extent  of  vegetative  growth,  were  approximately  as  follows:  minimum, 
130;  optimum,  300;  maximum,  360.  It  will  be  seen  that  this  organ- 
ism is  like  the  tropical  forms  in  having  very  high  temperature  require- 
ments. This  explains  the  facts  noted  elsewhere  in  regard  to  season  of 
active  parasitism. 

INOCULATIONS  INTO  OTHER  PLANTS 

No  very  wide  range  of  growing  plants  was  inoculated,  due  partly  to 
lack  of  time  and  partly  to  the  unsatisfactory  results  of  previous  investi- 
gators.    In  this  connection  Wilson  (30,  p.  77)  says: 

A  comparison  of  the  results  published  by  the  various  authors  tends  to  throw  decided 
doubt  upon  the  value  of  this  method  [cross  inoculations]  of  delimiting  species  in  this 
genus,  as  practically  any  species  of  Spermatophyta,  which  is  in  nature  subject  to  the 
attacks  of  any  Phytophthora,  is  likely  under  laboratory  conditions  to  be  more  or  less 
severely  attacked  by  almost  any  other  species.  Indeed,  some  of  the  hosts  recorded  for 
various  species  of  the  genus  are  not  known  to  harbor  these  fungi  in  nature.  It  would 
appear,  then,  that  the  parasitism  of  Phytopthora  is  of  such  a  low  order  that  it  will  not 
admit  of  their  being  differentiated  into  races  as  are  certain  of  the  Uredineae  for  example. 

To  consider  one  case:  Phytophthora  cactorum  (Lebert  and  Cohn) 
Schrot,  originally  isolated  from  a  species  of  cactus,  was  later  found  in 
Japan  and  America  (20)  on  ginseng  and  still  later  in  Europe  (31)  and 
America  (r,  28)  on  apple  and  pear.  Such  inoculations  may  be,  however, 
of  direct  value  in  some  cases,  and  a  few  were  made  with  the  rhubarb 
Phytophthora  on  hosts  of  closely  related  species  to  determine  whether  the 
signs,  if  any,  produced  on  the  plant  would  be  the  same  as  those  caused 
by  the  fungus  originally  obtained  from  it. 

Castor  bean  (Ricinus  communis  L.)  inflorescences  were  cut  from  plants 
and  inoculated  in  the  laboratory,  as  was  done  by  Dastur  with  Phytoph- 
thora parasitica.     Male  and  female  buds  were  attacked  and  discolored, 
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but  no  fruiting  of  the  fungus  occurred.  Further  inoculations  were  made 
with  zoospores  and  with  mycelium  from  a  culture,  on  the  young  growing 
inflorescences  and  leaves  of  castor  beans,  numbering  six  in  all.  Definite 
signs  of  infection  resulted,  which  were,  however,  confined  to  small, 
irregular  spots  and  did  not  spread.  No  fruiting  of  the  fungus  occurred, 
even  though  high  humidity  and  a  favorable  temperature  were  main- 
tained. Six  inoculations  each  similarly  made  on  young  tomato  plants 
(Lycopersicon  esculentum) 
and  on  young  dasheen 
leaves  (Colocasia  antiquo- 
rum)  failed  to  produce  in- 
fection. 

HISTOLOGICAL  STUDIES 

The  time  available  for  the 
study  of  the  problem  was 
too  limited  to  permit  of  go- 
ing deeply  into  the  matter 
of  penetration  and  infection 
of  the  host.  One  mount 
was  made  after  the  manner 
described  by  Vaughan  (27) 
of  a  portion  of  the  epidermis 
of  a  rhubarb  stalk,  at  a  point 
recently  inoculated  with 
zoospores.  This  showed 
hyphae  arising  from  germi- 
nating zoospores,  growing 
along  the  surface,  and  in 
one  case,  at  least,  penetrat- 
ing a  stoma.  Whether  this 
is  the  regular  method  of 
penetration  is  not  com- 
pletely worked  out.  After 
entering  the  host,  however, 
the  fungus  is  principally 
intercellular.  Figure  3  con- 
sists of  semidiagrammatic 
camera-lucida  drawings  of 
free-hand  cross  sections  of  a 
rhubarb  leaf  stalk  show- 
ing intercellular  hyphae  and  a  haustorium.  Cell  wall  penetration 
takes  place  occasionally  by  means  of  a  fine  constriction,  enlarging 
after  penetrating,  to  normal  size.  Figures  I  and  J  of  Plate  10  show 
such  penetration,  as  well  as  the  intercellular  hyphae.  The  sections 
from  which  these  slides  were  made  were  cut  from  a  block  taken  from 
the  base  of  the  stalk  shown  in  Plate  1,  B.  In  the  only  cases  of  such 
penetration  actually  observed  the  fungus  did  not  continue  to  grow 
through  the  cell,  but  appeared  to  develop  into  haustoria,  both  the  short, 
button-shaped  and  the  finger-like  forms  having  been  seen,  such  as  those 
pictured  by  Dastur  for  Phytophthora  parasitica  (10,  PI.  III).  The  fixed 
material  was  killed  in  Fleming's  weak  killing  fluid,  sectioned  6  n  thick, 
and  stained  with  Pianeze  III  B  stain  (27).  Another  stain  found  by  the 
author  to  differentiate  quickly  the  fungus  within  the  host  was  a  new 
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Fig.  3. — Semidiagrammatic  camera-lucida  drawing  showing 
intercellular  mycelium  and  penetration  of  a  cell  wall.  One 
space  in  the  scale  represents  10  m. 
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combination,  a  modification  of  a  stain  used  by  E-  G.  Arzberger,  of  the 
Office  of  Agricultural  Technology,  Bureau  of  Plant  Industry.  This 
consisted  of  applying  with  a  dropper  strong  acid  fuchsin  in  95  per  cent 
alcohol  followed  by  dipping  in  absolute  alcohol  till  the  excess  is  washed 
away.  Then  a  saturated  solution  of  Lichtgriin  in  clove  oil  is  applied. 
This  acts  as  both  a  clearing  agent  and  a  stain.  It  removes  the  red 
from  the  host  tissue,  except  lignified  tissue  such  as  is  found  in  the 
fibrovascular  rings,  replacing  the  red  by  light  green.  The  gradual 
differentiation  here  can  well  be  observed  under  the  microscope.  The 
clove  oil  is  removed  with  xylol,  and  balsam  is  then  applied  as  usual  for 
making  the  mount  permanent.  The  duration  of  the  stain  is  not  known 
to  the  writer,  but  mounts  several  months  old  are  still  good. 

TAXONOMY  OF  THE  FUNGUS 

There  are  so  many  characters  commqn  to  all  the  described  species  of 
Phytophthora  that  it  is  necessary  carefully  to  consider  each  of  them 
before  undertaking  to  determine  the  proper  taxonomic  position  of  a  new 
strain.  In  this  case  all  but  one  were  eliminated  by  some  definite  morpho- 
logical differences.  It  was  thought  well,  however,  to  take  into  con- 
sideration to  some  extent  as  well  the  reactions  to  different  culture  media 
and  to  different  hosts.  In  the  writer's  opinion  the  effect  on  the  starchy 
roots,  tubers,  and  fruits  of  certain  plants  may  prove,  after  more  exten- 
sive trial,  to  be  very  helpful  in  delimiting  species. 

No  effort  will  be  made  here  to  point  out  a  multitude  of  differences  in 
any  particular  case  between  the  rhubarb  Phytophthora  and  the  one 
with  which  it  is  compared.  It  is  considered  necessary  only  to  give  the 
briefest  possible  consideration  to  each  case,  pointing  out  one  or  two 
clear-cut  differences  that  will  suffice  to  distinguish  them. 

Phytophthora  jagi  (Hartig)  Hartig,  P.  cactorum  (Lebert  and  Cohn) 
Schrot. ,  P.  syringae  (Klebh.)  Klebh. ,  and  P.  nicotianae  Van  Breda  de  Haan, 
as  listed  by  G.  W.  Wilson  (50) ,  can  all  be  set  aside  on  the  start  as  having 
the  paragynous  rather  than  the  amphigynous  (17,  p.  125)  antheridia. 
In  this  class  also  would  fall  P.  jatrophae  Jensen  and  P.  faberi  Maub. 
(P.  theobromae  Colem.)  (7)  at  least  tentatively,  for  the  sexual  phases  of 
this  fungus  do  not  appear  to  be  perfectly  understood.  Other  morpho- 
logical characters,  however,  clearly  differentiate  the  species  from  ours. 
Here  also  should  be  included  P.  omnivora  De  Bary,  for  several  of  the 
fungi  that  were  included  under  this  name  are  in  this  respect  like  the 
others  mentioned,  although  Wilson  (30,  p.  80)  states  that  "  as  P.  omnivora 
De  Bary  is  here  recognized  as  an  aggregate  of  undetermined  affinity, 
it  need  be  considered  no  further."  Here,  too,  would  fall  Beach's  rhubarb 
Phytophthora  (2),  a  culture  of  which  was  kindly  furnished  the  writer. 
In  the  culture,  oospores  were  found  with  the  antheridium  distinctly 
attached  at  the  side  of  the  oogonial  pedicel,  as  with  P.  cactorum  (Cohn 
and  Lebert)  Schrot.  rather  than  surrounding  it.  Other  cultural  char- 
acters which  will  undoubtedly  be  brought  out  later  by  its  discoverer 
distinguish  his  organism  unmistakably  from  that  of  the  present  writer. 

Phytophthora  palmivora  (Butl.)  Butl.  (3,  4)  differs  morphologically 
and  physiologically  from  the  writer's  species. 

There  is  left,  then,  the  list  given  by  Pethybridge  and  Lafferty  (19, 
p.  497)  in  their  paper  on  Phytophthora  cryptogea  Pethyb.  and  Laf .,  all  hav- 
ing the  amphigynous  antheridia,  as  does  the  species  under  consideration, 
which  adds  one  more  to  the  growing  list  of  species  with  this  character. 
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Phytophthora  injestans  (Mont.)  De  Bary  is  clearly  distinct  from  the 
writer's  species.  Besides  the  sharp  morphological  differences,  including 
the  enlargements  in  the  conidiophores  so  typical  of  that  species,  the 
smaller  conidia  27  to  30/i  by  15  to  20^,  and  the  larger  oospores,  34  to  50/z 
by  24  to  35^,  there  are  physiological  differences  that  clearly  distinguish 
them.  P.  injestans  produces  oospores  to  only  a  slight  extent,  while  in 
rhubarb  Phytophthora  they  are  abundant.  The  optimum  temperature 
for  zoospore  production  with  P.  injestans  is  from  120  to  130  C,  according 
to  Melhus  (16),  while  with  the  writer's  they  form  very  quickly  at  room 
temperature,  the  lower  temperatures  inhibiting  their  development. 

Phytophthora  phaseoli  Thaxt.  also  is  clearly  different,  judging  by 
Clinton's  account  of  that  organism  (6).  With  it,  too,  there  are  nodal 
swellings  in  the  conidiophores,  these  being  entirely  absent  in  the  writer's 
form.  The  sporangia  appear  to  average  somewhat  smaller  (17  to  35/z 
by  28  to  42/i)  and  the  oospores  considerably  larger  (26  to  28/z).  The 
antheridia  are  only  temporary  with  phaseoli,  whereas  they  are  persistent 
with  the  writer's  species. 

No  very  complete  account  is  given  anywhere  of  Phytophthora  thalictri 
Wilson  and  Davis;  but  from  the  description  given  by  Wilson  (20,  p.  392) 
and  Clinton's  (7,  p.  894)  subsequent  reference  to  it,  it  seems  safe  to 
consider  it  distinct.  In  the  first  place  its  conidiophores  are  distinct, 
developing  in  fascicles  from  the  stomata;  the  sporangia  are  very  much 
smaller  than  on  the  writer's  species  (20  to  27^  by  13  to  17/x),  and  the 
oospores,  unknown  at  first  and  then  later  described  by  Clinton,  are 
somewhat  smaller  (18.5  to  25//).  The  fact  that  it  appears  to  be  a  leaf- 
attacking  form  primarily  rather  than  a  soil-inhabiting  and  decay- 
producing  fungus,  indicates  in  itself  that  they  are  different. 

Phytophthora  arecae  (Colem.),  Pethyb.,  found  on  the  Areca  palm  in 
India  (8),  has  oospores  that  are  much  larger  (23  to  38^),  the  sporangia, 
too,  running  considerably  larger  in  both  dimensions  than  those  of  the 
writer's  species  (20  to  45^  by  30  to  71/x). 

The  rhubarb  Phytophthora  is  similar  to  Phytophthora  erythroseptica, 
Pethyb.,  in  some  respects.  Its  effect  when  inoculated  through  a  wound 
into  potato  tubers  is  almost  identical  with  that  organism.  But  the 
conidia  are  distinctly  different,  the  rhubarb  species  having  distinct 
papillae,  the  other  not  (18).  The  oospores  of  this  form  are  distinctly 
smaller  than  those  of  the  other. 

The  morphological  differences  are  not  marked  between  the  rhubarb 
fungus  and  Phytophthora  parasitica  Dastur  (10).  P.  parasitica,  however, 
produces  distinct  spots  on  affected  leaves  of  the  castor  bean,  the  under 
side  of  which  bears  conidiophores  issuing  from  the  stomata.  Inoculations 
made  with  the  rhubarb  Phytophthora  resulted  in  the  appearance  of 
spots  different  from  those  produced  by  P.  parasitica  and  did  not  result 
in  the  production  of  sporangia.  The  growth  of  the  two  organisms  on  the 
various  media  was  similar,  as  indicated  in  general  by  Dastur's  account 
(10  p.  211-217)  except  that  his  organism  did  not  give  the  slightest  growth 
on  sterilized  slabs  of  carrot  and  sweet  potato,  whereas  the  writer's  pro- 
duced copious  growth  on  both.  This  proved  later  not  to  be  a  legitimate 
comparison,  however,  for  a  strain  of  P.  parasitica  obtained  from  Dr.  C.  D. 
Sherbakoff,  of  the  Tennessee  Experiment  Station,  grew  practically  as 
well  on  these  media  in  the  form  of  steamed  plugs  as  did  the  rhubarb 
species.  P.  parasitica,  as  reported  by  Dastur,  would  not  affect  tomato 
fruits,  even  when  they  were  wounded,  while  the  writer's  spread  very 
rapidly  into  the  interior  of  such  wounded  fruits.     Oospores  failed  to 
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develop  on  corn  meal  agar  (10  p.  225)  while  with  the  writer's  they  were 
often  seen  to  form  in  that  medium.  Finally,  the  oospores  of  P.  parasitica 
measure  from  15  to  20  ju  in  diameter,  on  an  average  18.6  /x,  which  is  very 
much  smaller  than  the  writer's,  in  which  the  average  is  about  25  /x. 

It  seems  advisable  here  to  call  attention  to  the  fact  that  the  measure- 
ments given  by  Rosenbaum  (21)  for  Phytophthora  parasitica  differ  essen- 
tially from  the  original  description  by  Dastur.  By  some  mistake  he 
must  have  received  a  culture  supposedly  P.  parasitica  but,  judging  by 
his  figures  and  description,  certainly  different  from  that  organism  when 
compared  with  the  original.  A  personal  examination  of  both  Rosen- 
baum 's  culture  and  a  true  culture  of  P.  parasitica  obtained  from  Sherba- 
koff  further  establishes  this  difference  and  leads  to  the  surmise  that  the 
culture  in  question  is  P.  colocasiae  Racib.  instead  of  P.  parasitica.  No 
attempt  was  made  to  verify  this  supposition. 

Phytophthora  colocasiae  as  described  by  Butler  and  Kulkarni  (5),  can 
be  distinguished  at  once  morphologically  from  the  rhubarb  species.  Its 
sporangia  measure  38  to  60  /x  by  18  to  26  xx,  that  is,  distinctly  elongate,  as 
compared  with  those  of  the  rhubarb  species,  which  are  seldom  if  ever 
more  than  half  again  as  long  as  broad.  Its  zoospores  are  very  large 
(15  to  18  xx  by  9  to  12  ju  when  in  motion  and  10  to  13  /.t  when  at  rest). 
There  are  only  about  20  to  the  sporangium.  The  writer's  measure  8  to 
9  ju  by  11  to  13  /x  and  9  to  10  xx  in  diameter  at  rest,  and  as  many  as  64 
may  occur  in  the  sporangium.  With  P.  colocasiae  the  sporangia  are 
easily  detached  from  their  conidiophores,  and  a  portion  of  the  pedicel 
remains  attached.  In  the  rhubarb  fungus  they  are  very  seldom  seen 
detached,  and  never  have  been  observed  free,  with  a  distinct  pedicel. 
The  oospores  are  about  the  same  in  size  and  similar  in  manner  of  develop- 
ment. 

Phytophthora  cryptogea,  Pethy  bridge  and  Lafferty,  (19)  has  oospores  of 
about  the  same  size,  averaging  25  xx,  and  likewise  the  sporangia  are  practi- 
cally the  same  size,  but  they  lack  the  apical  papillae  or  at  least  the  papillae 
are  indistinct,  which  constitutes  a  distinct  difference  from  the  rhubarb 
form.  In  addition,  a  continuation  of  the  growth  of  the  fungus  through 
an  empty  sporangium,  with  the  formation  of  a  new  one  either  inside  the 
walls  of  the  old  or  just  beyond,  often  occurs  with  P.  cryptogea,  whereas 
it  has  never  been  observed  for  the  rhubarb  species.  It  is  like  the  rhu- 
barb species  in  being  actively  parasitic  when  inoculated  into  apples  and 
turnips  but  differs  in  not  finding  carrots  and  parsnips  equally  congenial. 
One  strong  point  of  difference  is  that  it  reluctantly  produces  spores  of 
any  kind.     The  rhubarb  species  produces  all  forms  very  readily. 

Phytophthora  allii  Saw.  (22),  described  in  19 19  on  Allium  fistulosum  L. 
in  Formosa,  has  distinctly  larger  sporangia,  averaging  49.4  by  36.5  xx, 
which  fell  off  with  persistent  pedicel,  in  this  respect,  too,  differing  from 
the  rhubarb  species. 

Phytophthora  meadii  McRae  (15),  the  most  recently  described  species 
of  Phytophthora,  has  sporangia  distinctly  different  from  the  writer's  in 
that  they  are  very  much  more  elongate,  measuring  33  to  67  by  14  to  28  xx; 
moreover,  the  scarcity  of  chlamydospores  is  emphasized,  while  with  the 
writer's  they  are  very  abundant. 

We  now  come  to  Phytophthora  terrestria  Sherb.  (23)  and  P.  melongenae 
K.  Sawada  (22) .  In  a  personal  letter  from  Dr.  Sherbakoff  dated  Febru- 
ary 12,  192 1,  he  stated  that  it  was  his  desire  that  his  organism  be  referred 
to  hereafter  as  P.  terrestris  (the  former  ending  being  grammatically  incor- 
rect).    Pethybridge  and  Lafferty  (19,  p.  497)  have  stated  as  their  opinion 
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that  these  two  species  (P.  terrestris  Sherb.  and  P.  melongenae  K.  Sawada) 
are  synonymous  but  that  no  definite  conclusion  could  be  reached  without 
more  complete  descriptions  or  a  comparison  of  cultures.  Likewise  Butler 
(4,  p.  82)  has  stated  that  P.  terrestris  is  identical  with  P.  parasitica  .  Be 
that  as  it  may,  the  sporangia  of  P.  melongenae,  as  noted  from  Tanaka's 
translation  (22),  average  42.4  by  33.9  /x,  or  somewhat  larger,  and  the 
oospores  are  from  1 7  to  2 1  /a  in  diameter,  or  distinctly  smaller  than  the 
writer's.  Other  differences  determined  from  a  study  of  the  original  paper 
(22)  with  the  aid  of  Dr.  Tanaka  are  the  apparent  lack  of  haustoria  in 
P.  melongenae,  and  differences  in  the  effect  on  other  hosts,  particularly 
tomato  and  potato.  The  oospores  of  P.  terrestris  are  likewise  smaller, 
being  18  to  21  n  in  diameter.  The  conidia  and  chlamydospores  average 
practically  the  same.  A  comparison  of  cultures  affords  further  evidence 
that  the  two  differ.  P.  terrestris  invariably  produces  on  corn  meal  agar 
plates  the  peculiar  "tufted"  growth  pictured  and  described  by  Sherba- 
koff  (2 3,  p.  125-126).  The  rhubarb  form  on  this  medium  starts  almost 
at  once  to  produce  an  aerial  growth.  The  contrast  between  the  two  is 
shown  in  Plate  6,  C.  Another  difference  is  in  their  effect  on  tomato 
fruits.  P.  terrestris  produces  a  profuse  aerial  growth  on  inoculated  green 
fruits  held  in  the  moist  chamber,  as  pictured  by  Sherbakoff  {23,  p.  120) . 
This  was  verified  with  the  same  organism  by  the  writer.  Those  inocu- 
lated with  the  rhubarb  fungus  produced  no  aerial  growth  except  very 
slightly  at  the  wound  itself,  its  spread  being  entirely  beneath  the  surface. 
These  fruits  were  held  as  parallel  inoculations  in  the  same  moist  chamber 
with  fruits  inoculated  with  P.  terrestris. 

The  conclusions  to  be  derived  from  this  lengthy  comparison  with  other 
described  species  of  Phytophthora  are  that  the  strain  from  rhubarb  is 
distinct  from  all  except  what  might  be  called  the  Phytophthora  parasitica 
group.  It  seems  sufficiently  like  P.  parasitica  Dastur,  morphologically, 
to  be  included  for  the  time  being  at  least,  as  a  variety  of  that  species. 
If  this  is  done,  then,  as  Pethybridge  and  Lafferty  (19)  have  suggested, 
P.  melongenae  Saw.  and  P.  terrestris  Sherb.  should  be  included  in  the 
same  category. 

A  detailed  description  of  the  rhubarb  organism  follows : 

Phytophthora  parasitica  var.  rhei,  n.  var. 

Mycelium  at  first  continuous,  later  sparingly  septate;  5  to  15^  in  diameter,  mostly 
intercellular,  producing  haustoria  which  may  be  small  and  subspherical,  or  finger- 
like;  sporangiophores  not  distinguishable  from  the  mycelium;  sporangia  terminal 
sometimes  intercalary,  normally  ovate  and  papillate,  sometimes  spherical  and  lacking 
papillae,  21  to  42^  by  27  to  54/x,  mostly  24  to  35/x  by  36  to  48^,  germinating  by  zoo- 
spores, rarely  by  germ  tube;  zoospores  biciliate,  S  to  9^1  by  11  to  13^,  becoming  globoid, 
8  to  io^t  in  diameter;  chlamydospores  globose,  27  to  42/*;  walls  thick;  oogonia  in  abun- 
dance in  old  cultures,  24  to  33^  in  diameter,  pale  to  brownish  in  color,  penetrating 
through  antheridium  which  remains  attached  at  base;  antheridia  variable;  oospores, 
globose,  thick-walled,  21  to  30^,  mostly  24/u  in  diameter;  growing  profusely  on  most 
vegetable  culture  media. 

Parasitic  in  base  of  leaf  petioles  and  roots  of  rhubarb  {Rheum  rhaponticum  L.)  in 
Maryland,  District  of  Columbia,  and  Virginia,  United  States  of  America;  type  local- 
ity, District  of  Columbia;  type  culture  in  Bureau  of  Plant  Industry,  Washington,   D.  C. 

CONTROL  MEASURES 

Spraying  experiments  with  Bordeaux  mixture  4-4-50  and  with  Bor- 
deaux dust  were  started  on  a  small  scale  at  Arlington  Farm,  Va.,  in  the 
summer  of  1920  during  the  height  of  the  season  favorable  for  infection. 
Conditions  in  no  wise  favored  an  extensive  spraying  experiment  at  this 
time,  however.     In  the  first  place,  there  was  no  assurance  early  enough 
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in  the  season  of  the  presence  of  general  infection.  When  sprays  were 
finally  applied,  infection  was  in  many  cases  already  present  in  the  plants. 
Then  experimental  work  in  a  distant  locality  compelled  the  writer  to  be 
absent  from  headquarters  for  several  months,  so  that  when  he  did  return 
it  was  too  late  to  get  complete  data  on  the  work  done.  A  present  con- 
sideration of  spraying  as  a  control  measure  for  this  disease,  therefore,  is 
more  or  less  theoretical.  The  erratic  occurrence  of  the  disease,  because  of 
its  absolute  dependence  upon  weather  conditions,  appears  to  be  suffi- 
cient justification  for  publishing  what  is  available  on  the  subject  now, 
rather  than  waiting  for  the  uncertain  developments  of  another  season. 

An  examination  was  made  in  the  spring  of  192 1  of  the  field  in  which 
the  experimental  spraying  was  done.     All  plants  that  were  alive  were 
-veil  along  in  their  spring  growth.     It  was  very  evident  that  a  large  pro- 
portion of  the  plants  had  been  killed  by  the  disease  during  the  previous 
season.     Of  a  total  of  87  plants  alive  at  the  beginning  of  activities  in  1920, 
7  had  been  killed  by  artificial  inoculation.     Twenty-five  of  the  remainder 
had  been  sprayed,  and  of  these  only  3  plants,  or  13.6  per  cent,  had  died. 
Of  the  55  unsprayed  plants,  25,  or  45.5  per  cent,  were  missing.     It  is 
certain  that  many,  if  not  all,  of  these  had  succumbed  to  the  disease. 
This  would  indicate  a  beneficial  effect  from  the  spraying,  in  spite  of  the 
fact  that  infection  was  present  in  some  of  the  plants  when  the  spraying 
was  done.     It  gives  some  ground,  therefore,  for  tentative  conclusions  in 
regard  to  the  value  of  spraying. 

Basing  conclusions  on  general  information  as  well  as  on  this  experi- 
ment, it  would  seem  to  be  safe  to  recommend  Bordeaux  mixture  as  a 
preventive  against  infection  during  the  comparatively  short  period  in 
the  summer  when  infection  may  take  place.  The  spray  should  be  applied 
with  some  force  directly  into  the  crown  of  the  plant,  covering  the  bases 
of  the  leaf  stalks,  and  leaving  a  surplus  to  soak  into  the  crown  and  the 
ground  about  it.  Its  first  effect  is,  of  course,  lethal  to  any  of  the  fungus 
with  which  it  comes  into  immediate  contact,  at  least  to  any  not  in  thick- 
walled  resting  condition.  There  still  remains  to  be  determined  the  effect 
of  copper  in  different  concentrations  on  such  thick-walled  spores.  The 
effect  of  the  spray  as  a  fungicide  may  last  over  a  considerable  period. 
The  copper  comes  into  solution  gradually ;  consequently  drying  merely 
holds  it  in  the  very  place  where  it  is  needed — that  is,  in  the  crown  of  the 
plant — to  become  available  when  it  is  needed  during  the  next  wet  period. 
The  very  rain  which  would  normally  start  the  fungus  into  renewed  growth, 
with  the  production  of  zoospores,  would  also  still  further  distribute  and 
make  effective  the  fungicide.  The  distribution  of  the  disease  from  one 
plant  to  others  in  its  vicinity,  which  undoubtedly  occurs  extensively  in 
nature,  would  also  be  prevented  by  an  application  of  Bordeaux.  The 
spattering  of  the  water  which  normally  distributes  the  zoospores  of  the 
fungus  would  carry  the  fungicide  with  it  as  well.  In  the  experiments 
referred  to  the  fungicide  applied  July  12  was  persistent  a  month  later, 
despite  heavy  rains  that  occurred  in  the  interim.  No  analysis  was  made, 
but  the  abundance  of  blue  stain  present  indicated  that  copper  was  present 
in  sufficient  abundance  to  be  effective.  The  staining  of  the  leaf  stalks 
would  not,  under  practical  conditions,  be  an  objection  to  the  spray,  since 
the  main  harvesting  season  is  over  long  before  the  danger  season  begins. 
No  injurious  effects  whatever  have  been  observed  on  any  of  the  sprayed 
plants.  Caution  should  be  observed  not  to  soak  the  ground  too  freely 
or  too  frequently,  for  an  excess  of  copper  would,  of  course,  injure  the 
ground  permanently  for  any  crop. 
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In  a  large  commercial  field  there  would  be  no  need  for  spraying  the 
entire  plantation  unless  the  widespread  occurrence  of  the  disease  indi- 
cated this  need.  Application  could  be  confined  to  those  plants  in  the 
immediate  vicinity  of  spots  where  the  disease  definitely  occurred  the 
preceding  season.  Consequently,  a  small  machine,  such  as  a  knapsack 
sprayer  or  a  small  pressure  sprayer  (which  was  used  by  the  writer),  is 
satisfactory  under  ordinary  circumstances. 

In  addition  to  the  spraying,  to  prevent  infection  of  plants  near  those 
definitely  attacked  by  the  fungus,  the  observance  of  sanitary  precau- 
tions is  exceedingly  important.  Diseased  plants  should  be  dug  up  and 
destroyed,  with  all  the  dead  parts  found  lying  on  the  ground.  Every 
vestige  of  the  large  fleshy  roots  showing  the  presence  of  decay  should  be 
removed.  Then  a  heavy  application  of  formaldehyde  of  the  usual 
strength  for  soil  sterilization,  1  part  commercial  formalin  to  100  parts  of 
water,  should  be  made  to  the  hole  where  the  plant  stood.  To  repjant 
rhubarb  without  this  sterilization  would  be  a  waste  of  time,  for  the  new 
plant  could  not  be  expected  to  live  through  the  season.  Repeated  ob- 
servations have  shown  this  to  be  the  case  (p.  2,  text  and  footnote).  In 
a  field  in  which  control  measures  have  not  been  taken,  cultivation  may 
spread  the  disease  along  the  row.  In  fact,  this  appears  to  be  one  of  the 
means  by  which  spread  occurs.  Long  vacant  spaces  in  the  rows  in 
which  the  disease  has  occurred  indicate  this. 

This  disease  is  undoubtedly  spread  widely  by  means  of  the  root  divisions 
in  the  ordinary  commercial  propagation  and  distribution  of  rhubarb. 
To  prevent  this,  one  should  be  sure  that  his  roots  have  come  from  a 
field  in  which  the  disease  does  not  occur,  or  at  least  from  a  clean  portion 
of  the  field.  If  this  can  be  relied  upon,  no  further  measures  will  be  nec- 
essary. Where  there  is  a  strong  chance  that  roots  have  come  from  dis- 
eased fields,  examination  and  occasional  cutting  with  a  sharp  knife  will 
disclose  the  presence  of  actual  decay  in  the  roots  if  it  exists.  Such  roots 
should  be  discarded.  A  thorough  wetting  of  suspected  roots  with  formal- 
dehyde 1  to  100,  followed  by  covering  them  with  burlap  bags  or  canvas 
for  several  hours,  is  a  still  further  measure  against  starting  the  disease 
in  a  new  field.  A  careful  experiment  by  the  writer  showed  that  this  is  a 
very  effective  method  of  killing  most  of  the  surface  fungi  on  the  roots 
and  that  it  does  not  injure  the  roots  for  propagating.  Rhubarb  when 
dormant  is  very  hardy  and  will  endure  rather  extreme  conditions  of  cold, 
drying,  chemical  treatment,  or  other  unfavorable  conditions. 

SUMMARY 

(1)  A  disease  of  rhubarb,  caused  by  Phytophthora  parasitica  var.  rhei, 
is  reported  for  the  first  time.  The  causal  organism  is  distinctly  different 
from  one  mentioned  by  Beach  on  the  same  host. 

(2)  Its  distribution  has  not  been  determined.  It  has  definitely  been 
found  in  Maryland,  District  of  Columbia,  and  Virginia.  It  is  probably 
much  more  widely  spread. 

(3)  The  disease  is  primarily  a  footrot  and  rootrot  of  the  rhubarb  plant, 
resulting  in  its  rapid  and  complete  destruction. 

(4)  Warm,  wet  weather  over  a  considerable  period  appears  to  be 
requisite  to  the  development  of  the  disease. 

(5)  The  organism  is  readily  isolated  and  grown  in  pure  culture,  though 
special  methods  of  isolating  are  sometimes  required. 

(6)  Inoculation  experiments  are  described,  in  which  the  plants  were 
almost  invariably  killed  by  the  fungus.     Reisolations  were  made. 
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(7)  The  morphology  and  physiology  of  the  fungus  are  discussed  in 
detail.  All  forms  of  spores  found  in  Phytophthora  are  readily  produced 
in  pure  culture.  The  development  and  escape  of  zoospores  from  spo- 
rangia take  place  very  quickly  under  laboratory  conditions,  making  the 
fungus  a  desirable  one  for  ready  observation  of  these  phenomena. 

(8)  The  fungus  is  primarily  a  decay-producing  rather  than  a  leafspot- 
producing  organism.  It  is  capable  of  attacking  the  roots  of  many  vegeta- 
bles other  than  rhubarb  but  has  not  been  found  on  any  other  host  under 
natural  conditions. 

(9)  The  mycelium  is  intercellular  though  haustoria  have  been  seen 
within  the  cells. 

(10)  The  organism  is  compared  in  detail  with  all  previously  described 
species  of  Phytophthora  and  is  seen  to  be  similar  morphologically  and 
physiologically  to  Phytophthora  parasitica  Dastur.  It  is  therefore 
described  as  a  variety  of  that  species. 

(11)  Limited  control  experiments  and  general  observations  point  out 
spraying  with  Bordeaux  mixture  as  a  practicable  control  measure.  This 
should  be  combined  with  careful  sanitary  measures. 
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PLATE  i 

Rhubarb  leaf  stalks  showing  early  stages  of  infection  with  Phytophthora  parasitica 
var.  rhei. 
A. — Note  wilting  of  the  leaf  and  lesion  at  base  of  petiole. 
B. — An  earlier  stage  of  petiole  infection  than  that  shown  in  A. 


A   Phytophthora   Footrot  of  Rhubarb 


PLATE    I 

it 


t^ 


*  *~ 


Journal  of  Agricultural   Research 


Washington,  D.  C. 


A   Phytophthora  Footrot  of   Rhubarb 


Plate  2 


Journal  of  Agricultural   Research 


Washington,  D.  C. 


PLATE  2 

Phytophthora  footrot  of  rhubarb,  advanced  stage. 

The  causal  organism  is  present,  but  contaminated  with  other  fungi  and  with  bacteria. 


PLATE  3 

A. — A  decumbent  rhubarb  leaf  stalk  completely  covered  with  Colletotrichum 
crump  ens. 

B. — Recently  fallen  leaf  stalk,  with  the  same  organism  just  making  its  appearance 
in  distinct  lesions. 

C. — Another  rhubarb  disease  marked  by  yellowing  of  the  leaves  and  a  dry  necrosis 
of  the  base. 
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PLATE  4 

A. — Phytophthora  footrot  of  rhubarb,  medium  stage  of  natural  infection. 

B. — Rhubarb  plant  killed  by  artificial  inoculation.  The  leaf  stalks  inoculated 
collapsed  as  in  A,  after  which  the  organism  entered  the  root,  rotting  it  and  causing 
the  rest  of  the  leaves  to  wilt. 


PLATE  5 

A. — Portion  ot  a  rhubarb  plant  recently  killed  by  Phytophthora  footrot.  The 
organism  has  advanced  in  the  roots  to  the  points  marked  X. 

B. — Section  through  portion  of  a  rhubarb  plant,  showing  one  side  killed  and  the 
other  side  succumbing  to  the  advance  of  the  fungus  in  the  upper  part  of  the  root. 
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PLATE  6 

A. — Seedling  rhubarb  in  pots,  the  one  inoculated  and  the  other  not. 

B. — Rhubarb  plant  in  the  experimental  held  inoculated  July  20,  1920,  by  applying 
the  fungus  from  pure  cultures  at  the  wound  left  by  pulling  leaf  stalks.  Photograph 
taken  six  days  after  the  inoculation      The  plant  was  killed. 
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PLATE  7 

Petri  dish  cultures  of  Phytophthora  parasitica  var.  rhei. 

A. — A  contaminated  culture. 

B. — The  same  strain  secured  in  pure  culture  by  inoculating  into  an  apple  and 
reisolating  from  the  advancing  edge  of  decay. 

C. — Phytophthora  parasitica  var.  rhei  (a)  and  Phytophthora  terrestris  Sherb.  (b)  com- 
pared, on  corn  meal  agar. 
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PLATE  8 

U 

Camera-lucida  drawings  of  Phytophthora  parasitica  var.  rkei. 

A. — Outline  drawing  of  an  intercalary  chlamydospore,  showing  the  thick  wall, 
somewhat  exaggerated. 

B. — Various  stages  in  zoospore  emergence. 

C. — Sporangia  in  outline,  showing  relation  of  granular  protoplasmic  contents  to  the 
papillae. 

D,  E,  and  F. — Sporangia  as  found  in  pure  culture,  attached  to  irregular  hyphae. 

G. — Oospore,  showing  relation  of  oogonium  and  antheridium  on  separate  hyphae. 

H. — Oospore  with  the  antheridium  apparently  an  outgrowth  of  the  same  hypha  as 
that  from  which  the  oogonium  developed. 

I. — -A  sporangium  drawn  to  show  better  than  in  C  the  relation  of  protoplasm  to  the 
papilla.  Note  also  the  thin  wall  of  the  papilla  in  contrast  with  the  thick  sporangium 
wall  ending  abruptly. 

Each  scale  division  represents  i/ioo  mm. 


PLATE  9 

Camera-lucida  drawings  of  Phytophthora  parasitica  var.  rhei. 

A. — Different  views  of  zoospores  killed  with  osmic  acid  fumes  and  stained  with 
'dilute  gentian  violet. 

B. — Zoospores  gradually  coming  to  rest,  showing  enlargements  at  tips  and  disappear- 
ance of  the  flagellae. 

C. — Irregular  zoospores,  one  of  them  with  four  flagellae,  consisting  probably  of  two 
individuals  not  yet  pulled  apart.  The  others  also  were  killed  shortly  after  emergence, 
before  they  had  time  to  attain  normal  shape. 

D. — Germinating  zoospores  in  different  stages. 

B. — Germinated  zoospores  producing  chlamydospores. 

F. — Germinated  zoospore  with  production  of  sporangium. 

G,  H. — Sporangium  production  from  pure  cultures. 

Each  scale  division  represents  i/ioo  mm. 
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PLATE  10 

Photomicrographs  of  Phytophthora  parasitica  var.  rhei. 

A. — (Center)  oospore,  with  focus  on  stalks  of  antheridium  and  oogonium. 

B. — Same  with  focus  on  oospore  wall. 

C. — Another  oospore,  showing  attachment  of  the  oogonium  and  its  relation  to  the 
antheridium. 

D. — Another  oospore. 

E. — A  sporangium,  showing  granular  protoplasm  and  papilla. 

F. — A  laterally  attached  chlamydospore. 

G. — An  intercalary  sporangium. 

H. — A  sporangium  killed  with  osmic  acid  fumes  just  before  emergence  of  the  zoo- 
spores would  have  taken  place.  After  killing  the  slide  was  treated  with  chloroiodid 
of  zinc,  which  stained  the  walls  a  light  blue  and  the  protoplasm  yellow.  Note  the 
cleavage  at  this  stage  into  distinct  individuals.     The  papilla  also  is  clearly  shown. 

I,  T- — Intercellular  hyphae  and  cell  wall  penetration.  Note  in  both  the  slender 
hypha  at  point  of  penetration  and  enlargement  afterward.  T  shows  what  appears  to- 
be  a  typical  haustorium. 

K,  L,  M. — Various  stages  in  zoospore  germination. 


PLATE  ii 

Progressive  stages  in  the  emergence  of  zoospores  of  Pkyiophtkora  parasitica  var.  rhei, 
as  shown  by  reproductions  from  a  motion-picture  film. 

Strip  B  follows  A  immediately  on  the  film,  and  shows  the  rapid  bursting  outward  of 
the  papilla.  The  spot  just  in  front  of  the  sporangium  is  a  zoospore  from  another 
sporangium.  It  has  come  to  rest  in  a  very  unsatisfactory  position.  The  glow  of  light 
just  at  the  opening  of  the  sporangium  is  another  unsatisfactory  feature  which  could 
probably  be  eliminated  with  more  experience. 

Strips  C  to  G  were  taken  from  widely  separated  intervals  in  the  film,  and  show 
subsequent  stages  in  the  escape  of  zoospores. 
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PLATE  i2 

Effect  of  Phytopktkora  parasiiica  var.  rhei,  on  different  plants,  the  darker  area  in  each 
case  being  the  region  penetrated  by  the  hyphae  after  three  days'  incubation. 
A. — Parsnip. 
B. — Sweet  potato. 
C. — Carrot. 
D—  Tomato. 

E. — Stayman  Winesap  apple. 
F. — Turnip. 
G.— Potato. 


SAND  DROWN,  A  CHLOROSIS  OF  TOBACCO  DUE  TO 
MAGNESIUM  DEFICIENCY,  AND  THE  RELATION 
OF  SULPHATES  AND  CHLORIDS  OF  POTASSIUM 
TO  THE  DISEASE1 

By  W.  W.  Garner,  Physiologist  in  Charge,  J.  E.  McMurtrey,  Assistant,  C.  W. 
Bacon,  Assistant  Physiologist,  Tobacco  and  Plant  Nutrition  Investigations,  Bureau 
of  Plant  Industry,  United  States  Department  of  Agriculture,  and  E.  G.  Moss, 
Assistant,  Tobacco  and  Plant  Nutrition  Investigations,  Bureau  of  Plant  Industry, 
United  States  Department  of  Agriculture,  and  Assistant  Director,  Tobacco  Branch 
Station,  North  Carolina  Department  of  Agriculture 

DESCRIPTION   OF   SAND   DROWN   AND   ITS   EFFECTS 

The  disease  of  tobacco  which  has  received  the  name  "sand  drown" 
bears  no  essential  relation  to  true  drowning  from  excessive  moisture  in 
the  soil.  On  the  contrary,  as  indicated  in  the  name  itself,  the  disease 
is  likely  to  be  most  severe  on  deep,  sandy  soils  which  never  become 
water-logged.  The  trouble  is  aggravated  by  heavy  rainfall,  as  suggested 
by  the  word  "drown;"  but,  as  will  be  subsequently  developed,  the 
effects  of  the  rainfall  are  chiefly  those  of  leaching  rather  than  of  the 
presence  of  the  water  itself.  The  dominant  symptom  is  a  characteristic 
type  of  chlorosis  in  which  the  yellow  as  well  as  the  green  pigments  of 
chlorophyll  are  affected.  Thus,  in  the  affected  tissue  the  color  is  a 
dull,  very  pale  yellow,  and  in  extreme  cases  almost  pure  white.  This 
color  is  readily  distinguished  from  the  clear  lemon  or  orange  color  com- 
monly observed  in  the  healthy  leaf  which  has  been  exposed  to  darkness 
for  a  brief  period  of  time  or  has  undergone  partial  curing.  The  chlorosis 
begins  on  the  lowermost  leaves  and  at  the  tips  of  the  leaves  affected.  In 
advanced  stages  practically  the  whole  area  of  the  leaf  is  involved  and 
nearly  all  the  leaves  of  the  plant  may  be  affected.  The  advance  of  the 
chlorosis  is  from  the  tip  and  the  margin  toward  the  base  and  the  central 
zone  of  the  leaf.  Successive  stages  in  the  progress  of  the  bleaching  effect 
in  the  leaf  are  shown  in  Plates  2  and  3.  Sand  drown  rarely  appears  in 
the  field  till  the  plants  have  attained  considerable  size,  more  commonly 
after  topping,  so  that  the  leaves  usually  attain  the  normal  size  and  shape, 
as  is  indicated  in  Plate  1.  The  veins  of  the  leaf,  as  well  as  the  tissue 
immediately  adjoining  the  veins,  show  a  tendency  to  retain  the  normal 
green  color  long  after  the  remaining  leaf  tissue  has  become  blanched. 

The  disease  is  scarcely  less  evident  in  the  cured  leaves  than  in  the 
green  leaves  in  the  field.  In  the  flue-cured  district  normal  leaves  when 
properly  cured  have  a  bright  lemon  to  orange  color,  and  in  other  dis- 
tricts the  colors  range  through  various  shades  of  brown  with  either  a 

1  Accepted  for  publication  Sept.  i,  1921.  Cooperative  investigations  of  the  Office  of  Tobacco  Investi- 
gations, Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture,  and  the  North  Carolina 
Department  of  Agriculture. 
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reddish  or  a  greenish  cast.  On  the  other  hand,  the  leaves  or  the  por- 
tions of  leaves  affected  with  sand  drown  show  after  curing  a  dull,  faded 
appearance  similar  to  that  observed  in  the  diseased  leaves  in  the  field. 
Since  color  is  of  great  importance  in  determining  the  commercial  value 
of  most  types  of  tobacco,  it  is  easily  seen  that  sand  drown  may 
greatly  lower  the  market  price  of  the  affected  leaves.  This  applies 
with  special  force  to  the  sale  of  cigar-wrapper  leaf.  Moreover,  sand 
droWD  greatly  reduces  the  weight  of  the  cured  product;  in  fact  the 
affected  parts  of  the  leaf  are  remarkably  thin  after  having  been  cured. 
For  example,  in  a  test  with  flue-cured  tobacco  the  normal  leaf  was 
found  to  be  45  per  cent  thicker  and  65  per  cent  heavier  per  unit  area 
than  the  diseased  leaf.  As  would  be  expected,  the  tissue  of  diseased 
leaves  is  dry  and  lifeless.  Thus,  sand  drown  affects  unfavorably  the 
color,  weight,  body,  and  elasticity  of  tobacco  leaf. 

OCCURRENCE  OF  SAND  DROWN 

The  disease  first  came  under  observation  about  191 2  at  the  Tobacco 
Station  of  the  North  Carolina  Department  of  Agriculture  located  at 
Oxford,  in  connection  with  the  cooperative  investigations  in  progress  at 
that  point.  The  same  trouble  also  was  seen  on  some  of  the  farms  of 
tobacco  growers  in  the  vicinity.  It  has  appeared  each  year  on  the 
tobacco  grown  at  the  Oxford  station,  but  it  soon  became  apparent  that 
weather  conditions  and  the  kinds  and  quantities  of  fertilizers  applied 
affect  in  a  marked  degree  the  appearance  and  course  of  the  disease.  In 
general,  it  may  be  said  that  with  approximately  normal  rainfall  and  the 
use  of  fertilizers  of  the  grades  and  the  quantities  that  have  been  most 
widely  employed  in  tobacco  culture  sand  drown  is  not  commonly  seen 
in  sufficiently  severe  form  to  attract  attention  or  to  cause  serious  loss. 
On  the  other  hand,  the  malady  is  likely  to  be  widespread  in  seasons  of 
heavy  rainfall  in  those  sections  in  which  the  dominant  soil  types  are 
distinctly  sandy  in  character.  For  example,  this  type  of  chlorosis  is 
frequently  seen  on  the  more  sandy  tobacco  soils  of  the  Connecticut 
Valley  in  excessively  wet  seasons.  As  will  be  pointed  out,  the  use  of 
certain  fertilizer  salts  will  lead  to  symptoms  of  sand  drown  even  in  sea- 
sons of  normal  rainfall  and  on  the  heavier  types  of  soil,  although  it 
remains  to  be  determined  just  how  generally  this  action  may  be  observed 
under  varied  soil  and  weather  conditions.  It  is  possible,  also,  that 
material  injury  to  the  color  and  other  properties  of  the  cured  leaf  may 
result  from  mild  forms  of  the  trouble  which  would  not  be  clearly  recog- 
nizable in  the  field.  In  pot  cultures  sand  drown  can  be  easily  induced 
and  cured  at  will. 

RELATION  OF  SULPHATES  AND  CHLORIDS  TO  SAND  DROWN 

As  a  feature  of  the  cooperative  investigations  at  the  Oxford  (N.  C.) 
Tobacco  Station,  fertilizer  plot  tests  have  been  in  progress  for  several 
years  in  which  various  forms  and  rates  of  application  of  nitrogen,  phos- 
phoric acid,  and  potash  are  compared.  The  soil  is  classed  as  Durham 
sandy  loam  and  is  not  fertile.  Sand  drown  has  frequently  appeared  on 
the  test  plots.  On  most  of  the  plots  the  tobacco  has  been  fertilized  with 
sulphate  of  potash  in  combination  with  other  materials,  and  it  was 
observed  that  increase  in  the  rate  of  application  of  the  sulphate  clearly 
increased  the  severity  of  sand  drown  in  the  tobacco.     On  plots  receiving 
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muriate  of  potash  in  place  of  the  sulphate,  other  conditions  being  the 
same,  there  was  a  marked  decrease  in  the  amount  of  disease  and  an 
appreciable  increase  in  the  size  attained  by  the  plants.  In  a  second  set 
of  plot  tests,  in  which  a  more  detailed  comparison  between  the  muriate 
and  sulphate  of  potash  was  made,  the  striking  effect  of  the  sulphate  in 
inducing  or  aggravating  the  disease  was  fully  confirmed.  In  the  first 
set  of  plots  the  standard  rate  of  application  of  the  potash  salts  was  80 
pounds  per  acre  actual  potash  (K,0) ,  while  certain  plots  received  40  and 
160  pounds  per  acre.  In  the  second  series  of  plots  the  rates  of  application 
were  12,  24,  36,  and  80  pounds  per  acre.  In  the  first  series  the  normal 
application  of  phosphoric  acid  was  64  pounds  per  acre  in  the  form  of 
16  per  cent  acid  phosphate,  and  the  normal  application  of  nitrogen  was 
32  pounds,  various  forms  being  used.  Even  the  smallest  applications 
of  potassium  sulphate  produced  marked  effects  in  increasing  sand  drown. 
It  is  obvious  that  these  quantities  are  much  too  small  to  produce  injury 
by  unduly  increasing  the  concentration  of  the  soil  solution,  and,  moreover, 
corresponding  quantities  of  potassium  chlorid  have  shown  no  injurious 
action  of  any  sort.  The  peculiar  action  of  the  sulphate,  contrasting  so 
sharply  with  the  chlorid,  seemed  perplexing,  for,  while  in  recent  years 
considerable  stress  has  been  placed  on  the  necessity  of  an  adequate  supply 
of  sulphur  for  the  plant,  no  case  has  been  previously  recorded,  so  far 
as  known,  in  which  small  quantities  of  sulphates  caused  serious  injury 
under  field  conditions. 

A  series  of  single-row  tests  was  carried  out  at  the  Oxford  station  in 
which  sodium  chlorid,  sodium  carbonate,  and  calcium  carbonate  were 
used,  in  addition  to  the  normal  application  of  potassium  sulphate,  dried 
blood,  and  phosphorous  in  the  form  of  so-called  precipitated  bone,  a 
finely  divided  dicalcic  phosphate.  The  common  salt  and  sodium  car- 
bonate were  used  at  the  rate  of  200  pounds  and  the  calcium  carbonate 
at  the  rate  of  1,000  pounds  per  acre.  The  sodium  carbonate  was  not 
effective  in  preventing  sand  drown,  and  the  calcium  carbonate  was  only 
partially  effective,  neither  of  these  materials  causing  appreciable  increase 
in  growth  of  the  tobacco.  On  the  other  hand,  the  sodium  chlorid 
(ordinary  commercial  "salt,"  sold  in  bulk)  probably  increased  the  growth 
of  the  tobacco  by  fully  100  per  cent,  and  there  was  no  sand  drown.  The 
next  season  another  series  of  row  tests  was  carried  out  in  which  chemi- 
cally equivalent  quantities  of  the  chlorids  and  sulphates  of  sodium, 
calcium,  and  magnesium  were  used,  in  addition  to  a  standard  application 
of  100  pounds  per  acre  each  of  ammonium  nitrate  and  monopotassium 
phosphate.  All  salts  were  approximately  chemically  pure,  and  the 
quantities  used  were  on  the  basis  of  100  pounds  sulphate  (S04)  per  acre 
or  the  equivalent  quantity  of  chlorin.  In  this  case  the  sodium  chlorid 
and  the  calcium  chlorid  were  without  effect  in  controlling  the  sand  drown. 
Both  the  sulphate  and  the  chlorid  of  magnesium,  however,  showed  a 
marked  effect  in  preventing  the  disease;  and  this  observation  first  gave 
the  clue  to  the  situation,  as  will  be  shown  in  subsequent  paragraphs. 

RELATION  OF  ORGANIC  MATTER  TO  SAND  DROWN 

On  the  fertilizer  test  plots  at  Oxford  several  different  sources  of  nitro- 
gen were  used — namely,  nitrate  of  soda,  ammonium  sulphate,  dried 
blood,  and  cottonseed  meal.  These  materials  were  applied  at  rates  to 
furnish  about  32  pounds  nitrogen  per  acre,  the  quantity  of  cottonseed 
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meal  employed  being  500  pounds.  It  was  quickly  seen  that  the  cotton- 
seed meal  showed  a  decided  tendency  to  reduce  or  to  delay  the  symptoms 
of  sand  drown  while  ammonium  sulphate  accentuated  the  trouble. 
There  was  no  notable  difference  between  the  action  of  nitrate  of  soda 
and  that  of  dried  blood.  Once  more  the  injurious  action  of  sulphates  is 
in  evidence,  but,  in  addition,  it  is  clear  that  only  500  pounds  per  acre  of 
organic  matter  in  the  form  of  cottonseed  meal  exercises  some  preventive 
action  against  the  disease.  Apparently  there  is  some  similarity  in  the 
action  of  certain  chlorids  and  that  of  cottonseed  meal  calling  for  explana- 
tion. Different  rates  of  application  of  nitrogen  in  the  form  of  dried 
blood  produced  no  notable  effect  on  the  disease,  so  that  neither  the  form 
nor  the  quantity  of  nitrogen  in  the  fertilizer  can  be  considered  as  being 
of  primary  importance. 

Another  series  of  plot  tests  was  conducted  for  several  years  at  Oxford 
dealing  with  the  fertilizing  value  of  tobacco  stalks  and  stems  (leaf  mid- 
rib) and  barn  manure  for  tobacco.  For  purposes  of  comparison  the 
normal  mixture  of  sulphate  of  potash,  dried  blood,  and  acid  phosphate 
also  was  included  in  this  series.  The  tobacco  stems  were  applied  at 
rates  ranging  from  1,000  to  2,600  pounds  per  acre,  supplemented  with 
sufficient  quantities  of  dried  blood  and  acid  phosphate  to  furnish  the 
normal  application  of  32  pounds  nitrogen  and  64  pounds  phosphoric  acid 
per  acre.  The  tobacco  stalks  were  applied  at  the  rate  of  2,700  pounds 
per  acre,  also  supplemented  with  acid  phosphate.  The  manure  was  used 
alone,  in  combination  with  sufficient  acid  phosphate  and  sulphate  of 
potash  to  furnish  the  normal  formula,  and  in  combination  with  hardwood 
ashes  as  a  source  of  potash.  The  rate  of  application  of  the  manure  was 
8,000  pounds  per  acre.  As  regards  sand  drown,  the  outstanding  feature 
of  these  tests  was  that  there  were  no  symptoms  of  the  disease  except  on 
the  plots  receiving  only  the  mixture  of  dried  blood,  acid  phosphate,  and 
sulphate  of  potash.  Here  again  is  distinct  evidence  that  vegetable  forms 
of  organic  matter  tend  to  prevent  the  development  of  sand  drown. 

BIOCHEMICAL  STUDIES  OF  SAND  DROWN 

Because  of  the  marked  difference  between  the  chlorid  and  the  sulphate 
of  potassium  in  their  action  on  the  tobacco  plants,  especially  with  regard 
to  sand  drown,  experiments  were  undertaken  for  the  purpose  of  compar- 
ing the  effects  of  the  two  salts  on  the  internal  processes  of  the  plant.  A 
series  of  observations  was  made  on  the  relative  osmotic  concentration  of 
the  expressed,  filtered  saps  from  the  frozen  tissues  of  the  leaf  after  the 
midrib  had  been  removed,  the  material  for  study  being  taken  from  the 
two  sets  of  fertilizer  test  plots  at  Oxford  previously  referred  to.  The 
samples  were  taken  at  intervals  of  two  to  four  days,  beginning  shortly 
after  the  plants  had  been  topped,  that  is,  when  the  plants  had  reached 
the  normal  stage  for  flowering.  A  single  leaf  near  the  middle  of  the 
plant  was  collected  from  a  representative  plant  of  each  plot,  and  the 
same  plants  were  used  as  sources  of  material  throughout  the  tests.  The 
leaves  were  collected  in  each  case  about  9  o'clock  in  the  morning.  In  all 
cases  the  tobacco  plants  on  the  control  plots  receiving  no  potash  showed 
distinct  symptoms  of  severe  potash  hunger.  The  data  obtained  are 
summarized  in  Table  I.  The  osmotic  concentrations,  in  atmospheres, 
were  calculated  in  the  usual  way  from  the  observed  lowering  of  the 
freezing  point. 
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Table  I. — Osmotic  concentration  of  the  sap  of  tobacco  leaves  and  the  ash  of  the  sap,  as 
affected  by  the  chforid  and  the  sulphate  of  potassium 


Fertilizer  treatment." 


General  fertilizer  test  plots: 

N+P 

N+P+80  pounds  K20, 

as  sulphate 

N+P+160  pounds  K20, 

as  sulphate 

P+80   pounds   K20,    as 

sulphate 

N+80  pounds   K20,   as 

sulphate 

Average  moisture  per- 
centage of  soil  of  plots 


Osmotic  concentration  of  sap  (in  atmospheres). 


July 


July  24.  J  July  26. 


9.346   ,   8.396       9.093 

I  I 

;  9- 021  ;  9-<>57 


11.060   10.530  j  9.418 

8.  937  I  8.  949  i  8.  576 

i  : 


July  30.    Average, 


Osmotic  concen- 
tration of  ash  of 
sap  (in  atmos- 
pheres) . 


July 


8.913    j  8.937 

7.878 !  8.652 

9.  875     ;IO.  220 


2.  929 


6.855 


7.  987      8.  612  I  5.  940 


8.540  :  8.492      8.215  ;  7.951  !  8.299 


1.  o 


5-5 


7-25 


9.0 


5-oi3 


July  24. 


1.869 
6.  012 

7-349 
6.266 
4.917 


Fertilizer  treatment.0 


Special  potash  test  plots: 

N+P 

N+P+24  pounds    K20, 

as  chloride 

N+P+24  pounds  K20, 

as  sulphate 

N+P+80  pounds    K20, 

as  chlorid 

N+P+80  pounds  K20, 

as  sulphate 


Average  moisture  per- 
centage of  soil  of  plots 


Osmotic  concentration  of  sap  (in  atmospheres). 


July  20. 

July  23. 

July  25. 

July  29. 

7-734 

8.  191 

8.  504 

8.  071 

9-574 

8.  720 

10.  240 

8.600 

8.  768  j  8.  780 

9.  298 

8.  167 

10.  070  j  10.  670 

10.  760 

9-959 

9- 635 

8.  805 

10.  280 

8.  528  J 

Average 

8.125 
9.283 

8-753 
10.  360 


>.  o 


o-  5 


9.  O  :     9.  O 


Osmotic  concen- 
tration of  ash  of 
sap  (in  atmos- 
pheres) . 


July  20. 


O.917 

3.086 
2.  712 
7.71O 
5.182 


July  23. 


1.748 
2.  S68 

3-35i 
S.  191 
4.929 


a  N=32  pounds  nitrogen  per  acre,  in  form  of  dried  blood.     P=64  pounds  phosphoric  acid  per  acre,  in 
form  of  acid  phosphate  in  first  series  and  precipitated  bone  in  second  series. 

Concerning  weather  conditions  during  the  period  of  observation  it  may 
be  stated  that  cloudy  weather,  with  showers,  prevailed  July  17,  19,  24, 
27,  and  31,  with  sunshine  on  all  other  days,  except  for  a  few  thunder 
showers  of  brief  duration.  Rainfall  of  consequence  occurred  only  as  fol- 
lows: July  17,  .33  inches;  July  24,  1.55  inches;  July  27,  1.37  inches; 
July  30,  0.82  inch.  The  soil,  which  is  a  light,  sandy  loam,  has  a  low 
water-holding  capacity,  and  there  was  a  wide  range  in  degree  of  satura- 
tion during  the  period  of  study.  The  osmotic  concentration  of  the  sap 
of  the  plant,  however,  does  not  appear  to  be  definitely  correlated  with 
the  water  content  of  the  soil.  In  general,  increased  application  of  potash 
salts  to  the  soil  increased  the  osmotic  concentration  of  the  sap  and  the 
chlorid  was  decidedly  more  effective  than  the  sulphate  in  this  respect. 
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The  mineral  component  of  the  osmotically  active  material  of  the  sap 
was  determined  b}r  evaporating  the  sap,  igniting  the  residue,  and  restor- 
ing the  original  volume  with  distilled  water.  The  data  in  Table  I  clearly 
show  that  where  no  potash  was  applied  to  the  soil  much  the  greater  pro- 
portion of  the  osmotic  concentration  represents  soluble  organic  material, 
probably  carbohydrate,  whereas  with  increasing  quantities  of  potash 
salts  applied  to  the  soil  this  relationship  is  reversed,  the  mineral  compo- 
nent becoming  the  more  important.  The  chlorid,  moreover,  contributes, 
more  to  the  osmotic  concentration  of  the  sap  than  does  the  sulphate, 
i  nese  observations  seem  to  be  in  line  with  the  view  which  has  long  been 
held  that  lack  of  an  adequate  supply  of  potash  tends  to  cause  congestion 
or  accumulation  of  carbohydrate  in  the  tissues  of  the  leaf. 

The  saps  (in  10  cc.  portions)  from  the  general  fertilizer  test  plots  col- 
lected on  July  24  and  those  from  the  special  potash  plots  collected  on 
July  23  were  employed  in  studying  the  quantity  and  character  of  the 
ash  contained  in  the  sap,  as  influenced  by  the  sulphate  and  the  chlorid 
of  potassium.  The  total  ash  was  determined  by  ignition  and  the  soluble 
ash  by  extracting  the  ignition  residue  with  successive  portions  of  hot 
distilled  water  aggregating  a  volume  of  100  cc.  The  alkalinity  of  the 
soluble  and  insoluble  portions  of  the  ash  was  determined  by  titration, 
using  methyl  orange  as  indicator.  The  calcium  in  the  insoluble  ash  was 
determined  gravimetrically.     The  results  are  presented  in  Table  II. 

Table  II. — Character  of  the  ash  of  tobacco  sap  as  affected  by  the  chlorid  and  the 

sulphate  of  potassium 


Fertilizer  treatment  of  tobacco. 


Regular  fertilizer  test  plots: 

N+P 

N4-P+8o   pounds   K20,    as   sul- 
phate   

N  +  P+160  pounds  KzO.   as  sul- 
phate  

N+80  pounds  K20.  as  sulphate .  . 

P+80  pounds  K20,  as  sulphate.  . 
Special  potash  test  plots: 

N+P 

N+P+24  pounds  K2Or  as  chlorid. 

N+P+24   pounds    K20.    as   sul- 
phate   

N+P+80  pound  K20,  as  chlorid .  . 

N+P+80   pounds   K20,    as   sul- 
phate   


Total       Soluble 
ash.  ash. 


Gr.  Gr. 

o.  1694  o.  0538 


1S16 


.  2219 

•  1497 
.  1801 

•  1999 
.  1528 

.  1822 

•  1595 

.  166 1 


•  1320 

.1748 
.  1 167 
•i53i 

•  0450 

•  °574 

.0707 
.  1228 

.  1202 


Insolu- 
ble ash. 

Alkalin- 
ity of 

soluble 
ash.a 

Alkalin- 
ity of 
insolu- 
ble ash." 

Gr. 

0.  1 156 

0.6 

22.  4 

.  0496 

7-  1 

10.  s 

.0471 

11. 4 

9.4 

•0330 

11.  7 

7.2 

.  0270 

10.3 

5-0 

•  IS49 

4.  1 

32.6 

■0954 

•7 

20.  I 

.1115 
.0367 

7-3 
.6 

23-5 
8.6 

•0459 

10.  7 

10.3 

CaO  in 
insolu- 
ble ash. 


Gr. 


o.  090 
•055 

.  061 
.  020 

.028 


°  Expressed  in  cubic  centimeters  of  N/io  sclC  required  for  titration. 


Both  the  chlorid  and  the  sulphate  of  potash  produce  marked  increases 
in  the  soluble  portion  of  the  ash  of  the  sap  and  equally  as  large  decreases 
in  the  insoluble  portion.  There  is  no  marked  difference  in  this  respect 
in  the  action  of  the  two  salts,  perhaps  indicating  that  approximately 
equal  quantities  of  potash  are  absorbed  by  the  plant  from  these  two 
sources  when  the  rates  of  application  to  the  soil  are  equal.  That  the 
effects  of  the  two  salts  on  the  metabolism  of  the  plant  are  different, 
however,  is  clearly  shown  by  the  alkalinity  of  the  soluble  and  insoluble 
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portions  of  the  ash.  Roughly,  the  alkalinity  of  the  soluble  ash  is  a  meas- 
ure of  the  potash  in  combination  with  citric  and  malic  acids  in  the  sap, 
while  the  alkalinity  of  the  insoluble  portion  represents  the  calcium  and 
magnesium  salts  of  these  acids  existing  in  solution  in  the  sap.  Both  the 
sulphate  and  the  chlorid  greatly  reduce  the  alkalinity  of  the  insoluble 
ash,  that  is,  the  content  of  the  sap  in  calcium  and  magnesium  citrates 
and  malates.  The  most  striking  effect,  however,  is  the  great  increase 
in  the  sap  content  of  potassium  salts  of  citric  and  malic  acids  caused  by 
the  sulphate,  as  indicated  by  the  content  of  soluble  carbonate  in  the  ash. 
The  chlorid,  on  the  other  hand,  is  wholly  ineffective  in  this  respect. 
This  difference  in  the  effect  of  the  sulphate  and  the  chlorid  on  the  con- 
tent of  soluble  salts  of  organic  acids  is  of  practical  importance,  for  it  is 
known  that  the  potassium  salts  of  citric  and  malic  acids  improve  the 
combustibility  of  tobacco  (j).2  On  the  other  hand,  the  acid  calcium 
salts  of  these  acids,  which  largely  make  up  the  grain  particles  of  the  cured 
tobacco  leaf  (5),  injure  the  combustibility,  especially  if  the  grain  material 
is  not  definitely  aggregated.  If  the  organic  acids  are  intermediate 
products  in  the  respiratory  combustion  of  carbohydrate  in  the  plant,  it 
appears  that  in  some  way  the  oxidative  processes  are  less  complete  in 
the  presence  of  the  sulphate  than  when  the  potassium  is  supplied  as 
chlorid.  It  is  seen  from  Table  II  that  addition  of  the  potash  salts  to  the 
soil  lowered  the  calcium  content  of  the  plant  sap. 

It  seemed  possible  that  the  unfavorable  action  of  potassium  sulphate 
on  the  vigor  of  the  tobacco  plant  might  be  due  to  injurious  increase  in 
hydrogen-ion  concentration  of  the  cell  sap.  To  test  this  matter  leaves 
were  collected  at  intervals,  in  the  manner  already  described,  from  the 
special  potash  test  plots  and  from  other  specially  treated  plots,  using 
six  plants  on  each  plot  for  material.  The  leaf  material  was  not  sub- 
jected to  freezing  but  was  ground  in  a  well-tinned  meat  chopper  and 
the  expressed  sap  was  passed  through  muslin.  The  hydrogen-ion  con- 
centration of  the  saps  thus  prepared  was  determined  electrometrically 
at  room  temperature  according  to  the  usual  procedure.  The  results  are 
presented  in  Table  III. 

Table  III. — Hydrogen-ion  concentration  of  cell  sap  as  affected  by  the  sulphate  and  the 

chlorid  of  potassium  and  other  salts 


Fertilizer  treatment  o:  tobacco. 


Special  potash  test  plots: 

Control 

36  pounds  K20  per  acre  as  sulphate . 
36  pounds  K20  per  acre  as  chlorid. 


Hydrogen-ion    concentration    of    sap    collected    at 
stated  intervals. 


80  pounds  KjO  per  acre  as  sulphate. . 
80  pounds  KlO  per  acre  as  chlorid 


y   :8. 

July  23. 

Ph 

5-47 
5.61 

5-43 

Pn 

5- 4o 
5- 65 
5-33 

5-50 
5-64 

5-63 
5-50 

July  2$. 

Aug.  5. 

Pa 

i 

5.26 

5.  26    | 

5-47 

5-43  j 

5-29 

5. 28  ' 

5-52 

5-46  | 

5-40 

5-29 

Pa 

5-35 
5-54 
5-33 

5-  53 
5-4& 


*  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  40. 
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Table  III. — Hydrogen-ion  concentration  of  cell  sap  as  affected  by  the  sulphate  and  the 
chlorid  of  potassium  and  other  salts— Continued 


Fertilizer  treatment  of  tobacco. 

Hydrogen-ion  concentration  of  sap 
collected  at  stated  intervals. 

July  3i. 

July  30. 

Aug.  0. 

Average. 

Special  row  tests: 

Control 

Ph 

5.60 

5-85 


Pa 

5-43 
5-63 
5.60 
5.62 

5-86 
5-85 

Ph 

5-41 

5-45 

Pa 
5-48 
5- °4 

200  pounds  NaCl  per  acre 

Control 

Control 

5-79 
5-95 

1,000  pounds  CaCo3  per  acre 

The  complete  fertilizer  treatments  of  the  plots  used  in  the  observations 
on  hydrogen-ion  concentration  are  given  on  pages  29  and  31.  The 
data  given  in  Table  III  show  that  there  is  a  progressive  increase  in 
hydrogen-ion  concentration  of  the  leaf  sap  as  the  leaf  advances  toward 
maturity.  This  progressive  increase  in  active  acidity  is  markedly 
retarded  by  the  sulphate  of  potassium  and  to  a  lesser  degree  by  heavier 
applications  of  potassium  and  sodium  chlorids.  Neither  calcium  car- 
bonate nor  sodium  carbonate  produced  any  marked  effect.  It  is  clear 
that  the  sulphate  of  potassium  did  not  increase  the  active  acidity  and, 
in  fact,  it  caused  a  considerable  decrease  in  acidity.  In  these  tests 
the  leaves  from  plots  treated  with  chlorids  were  free  from  sand  drown, 
while  the  others,  and  especially  those  from  the  plots  receiving  sul- 
phates, showed  evidences  of  the  disease.  Thus,  while  sulphates  may 
promote  the  development  of  a  pathological  chlorosis  they  actually 
retard  the  normal  yellowing  of  the  leaf  which  is  associated  with  ripening. 

The  total  calcium  and  the  water-soluble  sulphate  (S04)  were  deter- 
mined in  dried  leaves  from  the  plot  treated  with  common  salt  and  the 
control  plot,  as  well  as  from  the  plots  receiving  80  pounds  potash  per 
acre  as  sulphate  and  chlorid,  respectively.  The  results  are  shown  in 
Table  IV. 

Table  IV. --Influence  of  sulphates  and  chlorids  on  total  calcium  and  water-soluble  sul- 
phate in  the  dried  leaf 


Fertilizer  treatment  of  tobacco. 


Total 
calcium 
in  leaves. 


Water- 
soluble 
sulphate 
(SO<)  in 
leaves. 


Control 

200  pounds  NaCl  per  acre 

80  pounds  K20  per  acre  as  chlorid.  . 
80  pounds  K,0  per  acre  as  sulphate 


Per  cent. 

Per  cent. 

13.06 

3-46 

12.  09 

1-74 

8.89 

I.  40 

IO.  50 

I.36 

Per  cent. 

1.66 

.67 

•25 
1.50 


It  seems  likely  that  the  greatly  increased  growth  of  the  plant  resulting 
from  the  use  of  the  sodium  chlorid  is  largely  responsible  for  the  decrease 
in  percentage  content  of  calcium  and  soluble  sulphate.  The  calcium 
content  is  the  same  in  the  plots  treated  with  the  sulphate  and  the  chlorid 
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of  potassium,  and  since  sand  drown  was  present  on  the  plants  receiving 
the  sulphate  the  disease  can  not  be  due  to  calcium  deficiency.  The  in- 
creased content  of  soluble  sulphate,  however,  is  undoubtedly  significant. 
No  evidence  of  soluble  oxalates  could  be  found  in  the  sap  from  leaves 
affected  with  sand  drown. 

MAGNESIUM   DEFICIENCY  THE  CAUSE  OF  SAND   DROWN 

As  previously  stated,  the  effectiveness  of  magnesium  sulphate  in  pre- 
venting sand  drown  in  field  tests  at  Oxford  while  other  sulphates  greatly 
aggravated  the  trouble  suggested  that  lack  of  an  adequate  supply  of 
magnesium  might  be  the  cause  of  the  trouble.  Pot  tests  soon  proved  this 
to  be  the  case.  The  cultures  were  conducted  in  12-quart  galvanized-iron 
buckets  with  perforated  bottoms,  using  sassafras  fine  sandy  loam  soil 
from  Prince  Georges  County,  Md.,  and  in  some  cases  the  Durham  sandy 
loam  soil  from  the  Oxford  (N.  C.)  Tobacco  Station.  As  a  complete 
nutrient  solution  for  the  cultures  a  mixture  of  10  gm.  sodium  nitrate,  5 
gm.  monocalcium  phosphate,  5  gm.  potassium  sulphate  and  5  gm.  mag- 
nesium sulphate  was  dissolved  in  10  liters  distilled  water.  In  some  cases 
potassium  chlorid  was  substituted  for  the  sulphate  and  ammonium 
nitrate  was  used  in  place  of  the  sodium  salt.  For  one  series  in  each  test 
the  magnesium  sulphate  was  omitted  from  the  nutrient  solution.  To  ac- 
centuate the  effect  of  omitting  magnesium  the  plan  was  adopted  of  water- 
ing the  plants  with  the  nutrient  solution  instead  of  distilled  water,  the 
solutions  being  added  in  considerable  excess  so  as  to  cause  a  leaching 
effect.  This  plan  proved  to  be  quite  successful.  Where  magnesium 
was  omitted  from  the  solution  sand  drown  quickly  appeared.  A  typical 
case  in  the  advanced  stage  is  shown  in  Plate  4.  It  will  be  seen  that  the 
leaves  have  lost  nearly  all  color  and  hang  limp,  the  cells  having  lost  their 
turgidity.  It  is  to  be  noted,  however,  that  seed  formation  was  success- 
fully accomplished  and  the  chlorotic  leaf  tissue  remains  alive  for  many 
days.  Under  favorable  conditions  the  disease  may  be  induced  by  apply- 
ing the  fertilizer  salts  (with  magnesium  omitted)  to  the  soil  before  trans- 
planting and  avoiding  any  leaching  action  in  watering  the  plants,  as  is 
shown  in  Plate  5.  Naturally,  the  symptoms  are  less  severe  than  when 
leaching  is  employed.  When  the  disease  has  not  progressed  too  far  it  is 
readily  cured  by  addition  of  magnesium  to  the  soil.  A  case  of  this  sort 
is  shown  in  Plate  6.  The  plant  at  the  right,  affected  with  sand  drown  in 
severe  form,  to  which  magnesium  sulphate  had  been  subsequently  added 
was  rapidly  recovering  at  time  of  photographing.  Thus,  while  soluble 
sulphates  generally  will  greatly  aggravate  sand  drown,  sulphate  of  mag- 
nesium both  prevents  and  cures  the  malady.  It  seems  proper,  therefore, 
to  consider  lack  of  an  adequate  supply  of  magnesia  as  the  primary  cause, 
whatever  may  be  the  internal  processes  involved.  On  the  other  hand, 
the  importance  of  an  increased  supply  of  soluble  sulphate  as  an  inciting 
factor  should  not  be  overlooked.  In  other  words,  the  ratio  of  magnesia 
to  soluble  sulphate  seems  to  be  of  prime  importance. 

SAND  DROWN  CONTRASTED  WITH  OTHER  TYPES  OF  CHLOROSIS 

The  tobacco  plant  with  its  extensive  foliar  expanse  is  well  adapted  to 
the  study  of  pathological  symptoms  such  as  those  characteristic  of  sand 
drown;  and  the  plant,  in  fact,  is  subject  to  several  types  of  chlorosis.  Of 
special  importance  in  this  connection  is  the  chlorosis  due  to  potash  hun- 
ger.    In   typical   cases,   the   symptoms   of  potash  hunger   are   readily 
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distinguished  from  those  of  sand  drown,  though  the  two  diseases  may  be 
confused  in  casual  examination.  In  both  cases  the  chlorosis  begins  at 
the  tips  of  the  leaves  and  on  the  margins,  and  the  lower  leaves  are  affected 
first.  In  extreme  cases  of  sand  drown  there  may  be  some  distortion  of 
the  leaf  margin,  but  ordinarily  the  sm-face  is  smooth  and  the  leaf  attains 
full  size.  In  potash  hunger  the  leaf  is  puckered  and  presents  an  uneven 
surface  because  of  the  difference  in  rate  of  growth  of  the  veins  and 
the  leaf  web.  Arrested  growth  of  the  periphery  causes  a  characteristic 
curving  downward  of  the  margin,  and,  particularly,  the  tip  of  the  leaf. 
The  farmer  speaks  of  the  leaf  as  being  "rim  bound."  Chlorosis  due  to 
potash  hunger  is  promptly  followed  by  the  appearance  of  small  dead  spots 
in  the  affected  portions  of  the  leaf.  The  initial  stages  of  this  spotting  are 
shown  in  Plate  7.  As  the  malady  progresses  large  areas  .of  the  leaf  die, 
especially  along  the  margins  which  frequently  become  ragged  and  torn. 
This  condition  is  popularly  spoken  of  as  "rimfire."  This  localized  dying 
of  the  leaf  tissue  in  potash  hunger  is  an  important  aid  in  distinguishing 
the  trouble  from  sand  drown.  Finally,  the  destruction  of  the  green 
color  of  the  leaf  in  potash  hunger  gives  rise  to  a  dull  yellow,  with  a  bronze 
or  copper  overcast,  whereas  sand  drown  results  in  a  very  light  yellow  or 
cream  color.  In  severe  potash  hunger  the  green  portion  of  the  leaf  shows 
a  dark  "muddy,"  bluish  green  shade,  while  in  sand  drown  the  non- 
chlorotic  portion  of  the  leaf  shows  the  normal  green  color. 

In  sulphur  deficiency  the  entire  leaf,  including  veins  and  midrib,  as 
well  as  the  stem  of  the  plant,  is  uniformly  affected,  the  color  of  the  whole 
being  a  light  shade  of  green.  This  color  is  frequently  shown  when  muriate 
of  potash  is  used  instead  of  the  sulphate  as  fertilizer.  When  both  sul- 
phur and  magnesia  are  deficient  the  entire  plant  becomes  more  distinctly 
chlorotic,  the  color  being  suggestive  of  that  characteristic  of  the  White 
Burlev  variety  of  tobacco  as  it  approaches  maturity.  As  is  well  known, 
a  limited  nitrogen  supply  also  results  in  a  plant  with  leaves  of  a  light 
shade  of  green.  In  the  disease  known  as  frenching  there  is  a  partial 
chlorosis  of  the  leaves,  but  there  are  also  morphological  changes,  the  size 
and  especially  the  width  of  the  leaf  being  reduced  through  failure  of  the 
leaf  lamina  to  expand  normally.  In  the  infectious  chlorosis  called 
mosaic  there  is  a  characteristic  mottling  distributed  rather  uniformly 
over  the  leaf  and  appearing  only  in  growing  tissues;  hence  it  is  easily 
distinguished  from  sand  drown. 

MAGNESIA  AS  A  FACTOR  IN  PRACTICAL  FERTILIZER  USAGE 

It  has  been  recognized  for  many  years  that  magnesium  is  one  of  the 
indispensable  elements  of  plant  food,  and  Willst alter  (7)  has  demon- 
strated that  it  is  an  essential  constituent  of  chlorophyll.  A  considerable 
number  of  experiments  have  been  made  concerning  the  fertilizing  value 
of  magnesium  compounds,  the  results  of  which  are  more  or  less  contra- 
dictory. Few1  of  these  tests,  however,  have  been  so  planned  as  to  throw 
light  on  the  present  problem,  and  in  most  cases  the  action  of  magnesium 
salts  has  been  regarded  as  being  indirect,  resulting  in  the  liberation  in  the 
soil  of  other  plant  food  elements  (2).  In  pot  experiments  with  one  of 
two  soil  types  studied,  Wheeler  and  Hartwell  (6)  obtained  increased 
growth  of  barley  and  rye  by  the  use  of  magnesium  sulphate  and  chlorid, 
and  it  is  suggested  that  the  favorable  effect  was  due,  at  least  in  part,  to  a 
direct  nutrient  action  of  the  magnesium.  Recently  A.  Jacob  (3)  has 
called  attention  to  favorable  results  obtained  by  the  German  Kali  Syndi- 
cate in  the  use  of  potash  salts  containing  magnesia  as  fertilizer  for  pota- 
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toes.  Considerable  attention  also  has  been  given  to  the  toxic  effects  of 
magnesia  compounds  when  present  in  excess,  especially  since  Loew 
developed  his  well-known  theory  of  optimum  lime-magnesia  ratios  for 
crop  plants  (4). 

It  seems  clear  that  on  many  soils  it  is  essential  for  normal  development 
of  the  tobacco  plant  that  the  fertilizer  carry  a  certain  minimum  quantity 
of  magnesia,  especially  when  the  fertilizer  contains  soluble  sulphates. 
Preliminary  observations  indicate  that  corn  and  cotton  and  probably 
other  crops  have  similar  requirements.  The  exact  needs  of  the  tobacco 
crop  will  require  considerable  study,  since  both  the  yield  and  the  quality 
of  the  product  are  involved.  The  combustibility  of  tobacco  is  affected 
adversely  by  salts  of  magnesia,  and  it  appears  that  the  moisture-holding 
properties,  and  therefore  the  elasticity,  of  the  leaf  are  influenced  by  the 
magnesia  supply.  The  highly  injurious  effect  of  magnesium  deficiency 
on  the  color  of  the  leaf  has  already  been  discussed.  Hence,  it  seems  likely 
that  any  considerable  excess  of  magnesia,  as  well  as  a  deficiency,  must  be 
avoided  for  best  results. 

Detailed  data  of  plot  yields  with  tobacco  in  different  localities  for  a 
period  of  years  comparing  the  action  of  sulphate  and  chlorid  of  potash, 
which  involve  the  effects  of  magnesium  deficiency,  are  reserved  for  publi- 
cation elsewhere.  It  will  suffice  to  present  here  the  results  obtained  at 
Oxford,  N.  C,  in  1920,  as  illustrating  the  striking  effect  of  magnesium 
deficiency  on  the  market  value  of  the  crop.  The  detailed  fertilizer  treat- 
ment of  these  plots  has  already  been  described.  One-half  of  each  plot 
received  ground  limestone  containing  magnesia  applied  broadcast  in  the 
fall  of  1 9 19  at  the  rate  of  1  ton  per  acre.  The  yield  and  value  of  the 
tobacco  on  each  plot  are  shown  in  Table  V. 

Table  V. — Yield  and  value  per  acre  of  tobacco  receiving  sulphate  and  muriate  of  potash, 
with  and  witfiout  addition  of  ground  limestone,  Oxford.  N.  C,  IQ20 


Potash  <K-0;  added  as  fertilizer. 


None 


12  pounds  per  acre,  as  sulphate 
12  pounds  per  acre,  as  muriate  . 


24  pounds  per  acre,  as  sulphate 
24  pounds  per  acre,  as  muriate. 


36  pounds  per  acre,  as  sulphate. 
36  pounds  per  acre,  as  muriate. . 


80  pounds  per  acre,  as  sulphate. 
So  pounds  per  acre,  as  muriate. . 


Vield  of  toba< ■:  o. 


Without 
lime. 


With 

iircc. 


Pound- . 
33° 

260 
^20 


!'i  unds. 
450 

O60 
640 


480   j 

62c    ! 

I 

600   I 

;8o 


70c 
800 


620 
82c 

640 

780 

580 

020 


Value  of  tobacco. 


Without  ;      With 
lime.  lime. 


$27 

33 
67 

47 
107 

88 
156 

78 
"5 


$38 


105 
126 


93 

147 

00 
117 

107 
218 


Considering  only  the  treatments  without  lime,  it  is  seen  that  the  muri- 
ate gives  far  better  results  than  the  sulphate:  and  the  difference  becomes 
most  striking  with  the  intermediate  rates  of  application.  The  injury  in 
quality  of  the  tobacco  from  the  use  of  sulphate  is  proportionately  greater 
than  the  reduction  in  yield  as  compared  with  the  muriate.  Evidence  has 
already  been  given  that  addition  of  magnesia  fully  overcomes  the  unfa- 
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vorable  action  of  the  sulphate.  Results  fully  as  remarkable  as  the  forego- 
ing have  been  obtained  by  Mr.  E-  H.  Mathewson,  of  this  office,  in  similar 
cooperative  tests  at  Reidsville,  N.  C. ;  and  the  experiments  elsewhere  indi- 
cate that  the  data  will  apply  to  the  tobacco  crop  more  or  less  generally. 

Muriate  of  potash  tends  to  impair  the  combustibility  of  tobacco  and  in 
some  cases  gives  less  desirable  colors.  It  seems  desirable,  therefore,  to 
use  the  sulphate  of  potash  in  combination  with  sulphate  of  magnesia. 
Tests  have  shown  that  low-grade  potash  salts  carrying  more  or  less  mag- 
nesia, such  as  Kainit  and  double  manure  salts,  eliminate  sand  drown  and 
produce  much  better  growth  than  high-grade  sulphate.  It  has  been 
found,  in  fact,  that  both  muriate  and  sulphate  of  potash  in  relatively  pure 
form  but  still  containing  very  small  percentages  of  magnesium  salts,  such 
as  some  of  the  "high-grade"  imported  potash  salts,  are  less  likely  to  cause 
sand  drown  than  muriate  and  sulphate  of  exceptional  purity.  It  seems 
■clear  that  very  pure  forms  of  potash  salts  should  not  be  used  as  fertilizer 
for  tobacco,  and  possibly  not  foi  other  crops,  unless  supplemented  with 
magnesia  salts  or  materials  containing  magnesia.  In  the  absence  of  more 
■exact  data  double  manure  salts,  which  are  essentially  mixtures  of  sul- 
phate of  potash  and  sulphate  of  magnesia,  would  seem  to  be  a  desirable 
source  of  potash  for  tobacco.  Wood  ashes,  cottonseed-hull  ashes,  and 
other  forms  of  potash  of  vegetable  origin  also  should  be  satisfactory  so  far 
as  concerns  magnesia. 

It  is  to  be  noted  that  in  actual  fertilizer  practice  high-grade  sulphate 
of  potash  has  not  been  used  very  extensively  in  this  country,  and  even 
when  employed  it  is  nearly  always  in  combination  with  other  fertilizer 
materials  which  contain  magnesia.  It  is  believed  that  the  favorable 
action  of  cottonseed  meal,  tobacco  stems  and  stalks,  and  barn  manure 
in  preventing  sand  drown,  which  has  been  previously  discussed,  is  due 
to  the  magnesia  supplied  by  these  materials.  Cottonseed  meal  contains 
about  i  per  cent  magnesia,  and  this  offers  a  possible  explanation  of  the 
marked  preference  for  this  fertilizer  material  shown  by  tobacco  growers 
■of  the  Connecticut  Valley  where  color  of  the  cured  leaf  is  of  so  much 
importance.  It  may  be  that  vegetable  material  of  this  character  through 
gradual  decay  in  the  soil  furnishes  a  more  or  less  continuous  source  of 
magnesia  in  suitable  quantities  through  the  growing  season.  Thus,  it 
seems  likely  that  one  of  the  functions  of  barn  manure  is  to  furnish  mag- 
nesia in  suitable  quantity  and  form  for  plant  growth.  The  action  ot 
common  salt  in  preventing  sand  drown,  which  has  been  referred  to, 
probably  is  due  in  part  to  the  small  percentage  of  magnesia  which  it 
usually  contains,  but  it  is  also  likely  that  salt  liberates  magnesia  when 
applied  to  the  soil. 

LIME  IN  RELATION  TO  SAND  DROWN 

While  limestones  vary  widely  in  their  content  of  magnesium,  it  rarely 
happens  in  practice  that  limestone  or  burnt  lime  available  for  agricul- 
tural uses  is  entirely  free  from  this  element.  The  available  evidence 
all  goes  to  show  that  the  quantity  of  magnesium  required  to  prevent  the 
sand-drown  type  of  chlorosis  is  small,  possibly  less  than  20  pounds 
per  acre.  In  general,  therefore,  it  is  to  be  expected  that  liming  the  soil 
even  with  fairly  pure  limestone  or  its  products  would  prevent  sand  drown, 
keeping  in  mind,  of  course,  that  the  magnesia  thus  supplied  would  be 
less  soluble  than  that  furnished  by  most  of  the  impure  potash  salts. 

The  data  given  in  Table  V  plainly  show  that  liming  is  decidedly 
beneficial  in  overcoming  the  tendency  of  sulphate  of  potash  to  cause 


Jan.  6,  i5>23  Sand  Drown,  a  Chlorosis  of  Tobacco  39 

sand  drown,  and  heavier  applications  probably  would  further  increase 
the  effectiveness  of  both  the  sulphate  and  the  chlorid  of  potassium  by 
removing  magnesium  deficiency  as  a  limiting  factor.  It  is  of  interest  to 
note  that  Wheeler  and  Hartwell  (6)  found  a  marked  increase  in  content 
of  magnesium  but  not  of  calcium  in  both  red  clover  and  common  sorrel 
(Rumex)  grown  on  soil  which  had  been  limed.  The  value  of  liming 
in  overcoming  sand  drown  has  been  confirmed  in  other  tests  involving 
the  use  of  various  potash  salts  containing  different  percentages  of  mag- 
nesia. In  all  cases  sand  drown  associated  with  the  use  of  the  purer 
potash  salts  was  entirely  prevented  by  applying  dolomitic  limestone. 
Thus,  to  the  various  functions  in  improving  soil  productiveness  which 
have  been  ascribed  to  liming  must  be  added  that  of  preventing  or  cor- 
recting magnesium  deficiency.  Again,  it  has  been  shown  that  one  of  the 
harmful  effects  which  may  result  from  the  use  of  ammonium  sulphate 
as  fertilizer  without  liming  is  to  cause  a  deficiency  of  magnesium,  and 
this  injurious  effect  may  be  remedied  by  use  of  magnesium  salts  as  well 
as  by  liming.  It  is  to  be  noted  that  the  value  of  limestone  in  supplying 
small  quantities  of  magnesia  has  little  or  no  connection  with  the  theory 
of  optimum  lime-magnesia  ratios. 

NEW  METHOD  FOR  CONDUCTING  POT  CULTURES  IN   THE  STUDY  OF 

FERTILIZER   PROBLEMS 

It  is  well  known  that  it  is  difficult  in  most  cases  to  harmonize  the  results 
of  pot  tests  conducted  under  accurately  controlled  conditions  with  results 
obtained  in  the  field.     Experience  obtained  in  the  study  of  sand  drown 
has  emphasized  two  important  particulars  in  which  the  two  types  of 
experimentation  usually  differ.     In  the  first  place,  chemically  pure  salts 
are  generally  used  in  pots  cultures  while  in  the  field  pure  fertilizer  salts 
are  practically  never  used.     In  the  second  place,  in  conducting  pot  tests 
precautions  are  usually  taken  against  any  loss  of  material  through  drain- 
age, while  in  the  field  more  or  less  leaching  invariably  occurs.     By  com- 
mon consent  investigators  and  farmers  alike  constantly  speak  only  of 
the  three  elements,  nitrogen,  phosphorus,  and  potassium  (with  occasional 
reference  to  sulphur)  in  discussing  fertilizers.     In  practice,  however,  the 
use  of  so-called  complete  fertilizers  regularly  involves  applying  to  the 
soil  at  least  six  essential  elements,  namely,  nitrogen,  phosphorus,  potas- 
sium, sulphur,  magnesium,  and  calcium.     It  is  not  surprising,  therefore* 
that  in  ordinary  fertilizer  usage  the  need  of  the  three  last-named  elements 
does  not   become  apparent.     It  has  been  shown,   however,,  that  the 
result  is  very  different,  at  least  in  the  case  of  tobacco,  when  fertilizer 
salts  of  high  purity  are  used.     On  sandy  soils  subject  to  severe  leaching 
and  containing  little  organic  matter  it  should  not  be  surprising  to  find  a 
deficiency  of  magnesium  or  sulphur  or  calcium  as  well  as  of  nitrogen, 
phosphorus,  or  potassium.     Sand  drown  seems  to  furnish  a  convincing 
illustration. 

The  satisfactory  results  obtained  in  inducing  sand  drown  in  pot  cultures 
have  suggested  that  by  giving  due  consideration  to  commercial  fertilizer 
salts  with  respect  to  all  of  the  six  elements  mentioned  and  by  providing: 
for  leaching  effects  pot  cultures  can  be  made  to  yield  results  more  in  line 
with  field  experience.  The  essential  feature  of  the  leaching  process 
consists  in  the  use  of  nutrient  solutions,  complete  and  with  one  or  more 
elements  omitted,  as  desired,  instead  of  distilled  water  for  producing 
leaching  effects.     The  leaching  can  be  pushed  as  far  as  desired  without 
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impoverishing  the  soil  except  with  respect  to  the  elements  omitted  in  the 

nutrient  solution.     Obviously  the  method  can  not  well  be  applied  to 

compact,  clayey  soils. 

CONCLUSION 

Sand  drown,  a  chlorosis  of  tobacco  involving  both  the  green  and  the 
yellow  pigments  of  chlorophyll,  is  due  to  magnesium  deficiency  and  is 
markedly  aggravated  by  an  increased  sulphur  supply.  For  these  reasons 
the  use  of  potash  salts  of  high  purity  (free  from  magnesia)  and,  especially, 
pure  forms  of  the  sulphate  have  resulted  in  serious  damage  to  the  crop. 
The  need  for  magnesium  is  readily  met  by  the  use  of  sulphate  of  potash 
containing  magnesia  or  by  applying  lime  containing  magnesia.  One  of 
the  functions  of  organic  matter  of  vegetable  origin,  as  cottonseed  meal, 
tobacco  stems,  and  barn  manure  and  of  lime,  is  to  furnish  small  quantities 
of  magnesia  to  the  plant  through  the  growing  season.  The  sand-drown 
disease  of  tobacco  suggests  that  in  interpreting  fertilizer  action  the  sul- 
phur, magnesium,  and  calcium  commonly  contained  in  "complete" 
commercial  fertilizers  should  be  taken  into  account  as  well  as  the  nitrogen, 
phosphorus,  and  potassium.  A  method  of  conducting  pot  cultures  in 
which  the  soil  is  leached  with  complete  and  incomplete  nutrient  solutions, 
as  desired,  gave  good  results  in  the  investigation  of  sand  drown  and  is 
suggested  for  use  in  the  study  of  problems  in  fertilizer  action.  It  remains 
to  be  determined  to  what  extent  the  findings  concerning  sand  drown  of 
tobacco  will  apply  to  other  crop  plants. 
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PLATE  i 

■A  0 

Tobacco  plant  of  Hue-cured  type  affected  with  sand  drown.  Note  that  the  plant  as 
a  whole  and  the  individual  leaves  have  attained  normal  size  and  shape  and  the  leaf 
surface  is  relatively  smooth.  The  disease  begins  in  the  lower  leaves  and  at  the  tips 
of  the  leaves.  The  veins  retain  their  green  color  long  after  the  leaf  lamina  becomes 
bleached.  The  leaf  lamina  usually  does  not  die  in  local  areas  or  spots  as  in  potash 
hunger. 


PLATE  a 

Leaves  of  tobacco  of  flue-cured  type  affected  with  sand  drown,  showing  successive 
stages  of  the  disease.  The  leaf  at  the  bottom  has  lost  practically  all  green  color  except 
along  the  larger  veins  and  at  the  base.  From  bottom  to  top  these  leaves  fairly  repre- 
sent contemporaneous  stages  of  advancement  of  the  disease  on  different  leaves  of  the 
same  plant  from  the  base  upward. 
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PLATE  3 

H  o 
Leaves  of  tobacco  of  cigar- wrapper  type  severely  affected  with  sand  drown,  the  leaf 

at  the  top  showing  an  advanced  stage  of  the  disease.     Specimen  collected  at  Hatfield, 

Mass.,  by  Dr.  James  Johnson. 


PLATE  4 

Plant  at  right,  which  is  normal,  was  watered  with  the  complete  nutrient  solution 
described  on  page  35,  including  magnesium  sulphate,  the  solution  being  added  in 
excess  so  as  to  produce  a  leaching  effect.  Plant  at  left  received  the  same  treatment  in 
all  respects,  except  that  magnesium  sulphate  was  omitted  from  the  nutrient  solution. 
Note  the  advanced  stage  of  sand  drown,  in  which  the  leaves  hang  limp.  Note,  how- 
ever, that  the  leaf  tissues  remain  alive  and  seed  formation  is  successfully  accomplished. 
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PLATB  s 

The  two  plants  received  the  same  treatments  as  the  two  plants  shown  in  Plate  4, 
except  that  the  plant  nutrients  were  applied  to  the  soil  before  setting  the  plants  and 
the  plants  were  watered  with  distilled  water  in  limited  quantities  so  as  to  avoid  any 
leaching  action.  The  plant  at  left,  which  received  no  magnesia,  shows  pronounced 
symptoms  of  sand  drown  but  in  less  severe  form  than  that  of  the  corresponding  plant 
in  Plate  4. 


PLATE  6 

Tli  3  two  tobacco  plants  shown  were  watered  with  an  excess  of  a  nutrient  solution 
containing  no  magnesia,  so  as  to  produce  a  leaching  effect.  After  well-defined  symp- 
toms of  sand  dro»vn  had  developed,  magnesium  sulphate  was  added  to  the  nutrient 
solution  applied  to  the  plant  at  right,  while  the  plant  at  left  continued  to  receive 
the  magnesium-free  nutrient  solution.  At  time  of  photographing  plant  at  right  wag 
rapidly  recovering.  Note  the  turgidity  of  the  leaves  and  the  partial  restoration  of  the 
natural  color. 
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PLATE  7 

4  ° 
Tip  of  tobacco  leaf,  showing  chlorosis  due  to  potash  deficiency.     Note  that  there 

are  numerous  small  spots  which  represent  dead  tissue.  This  spotting  of  the  leaves  due 
to  localized  dying  of  the  tissues  is  a  characteristic  feature  of  potash  deficiency  symp- 
toms as  distinguished  from  the  symptoms  of  sand  drown. 


PARASITISM  OF  SCLEROTHJM  ROLFSII  ON  IRISH 

POTATOES ' 

By  H.  A.  Edsok  and  M.  Shapovalov,  Pathologists,  Office  of  Cotton,  Truck,  and  Forage 
Crop  Disease  Investigations,  Bureau  of  Plant  Industry,  UnitedStates  Department  of 
Agriculture 

INTRODUCTION 

According  to  various  published  statements  Sclerotiwn  rolfsii  Sacc. 
attacks  a  great  number  of  hosts.2  It  lias  been  frequently  reported  on 
the  Irish  potato,  though  a  clear  and  full  description  of  the  symptoms  of 
its  effect  upon  this  host  has  not  yet  been  given.  Sometimes  the  disease 
has  been  designated  as  blight,  in  other  cases  as  wilt,  and  very  little  has 
been  said  about  the  tuber-rot.  The  type  of  the  decay,  as  distinguished 
from  other  tuber  decays,  has  not  been  satisfactorily  defined,  and  the 
mode  of  the  destruction  of  the  host  cells  has  not  been  followed  in  detail. 
In  view  of  this  scarcity  of  information  the  writers  feel  justified  in  present- 
ing certain  of  their  observations  and  experiments  relative  to  this  subject. 

NATURAL  INFECTION 

Both  the  vine  and  the  tuber  of  the  Irish  potato  may  be  attacked  by 
this  fungus.  The  disease  of  stem  and  foliage  may  manifest  itself  in 
several  different  forms  which  vary  with  the  age  of  the  plant  and  with 
the  environmental  conditions.  If  very  young  plants  are  attacked  and 
the  soil  moisture  is  abundant,  they  are  most  likely  to  show  damping-off 
symptoms.  Older  plants  may  suffer  from  a  rootrot  or  a  stemrot  or 
from  both  with  subsequent  wilting  and  drooping  of  the  leaves  and  the 
stems,  which  ultimately  lie  prostrate  on  the  ground.     (PI.  i,  A.) 

Natural  infection  in  the  field  was  observed  in  the  South  in  advanced 
stages  in  several  States.  The  symptoms  produced  were  in  general  those 
of  wilt  or  stemblight.  The  disease  had  evidently  made  its  attack  at 
or  near  the  surface  of  the  soil,  causing  a  decay  of  the  stem  at  that  point 
and  for  a  little  distance  above  and  below.  Frequently  the  stem  was 
consumed  below  to  such  an  extent  that  little  of  the  underground  tissues 
except  a  few  strands  of  vascular  fiber  remained  attached  if  the  tops 
were  lifted.  Wefts  of  mycelium  or  the  sclerotia  of  the  fungus  could  be 
seen  clinging  to  the  stem  or  extending  radially  from  the  plant  in  and  on 
the  surface  of  the  soil. 

ARTIFICIAL  INOCULATION 

To  obtain  further  evidence  in  regard  to  the  symptoms  of  the  disease 
certain  field  experiments  were  conducted  with  artificially  inoculated 
tubers.     These  experiments  were  carried  on  in  1919  and  1920  at  Arlington 

1  Accepted  (or  publication  July  ;,  1921. 

1  'f  aubenhaus,  J.  J.     recent  studies  on  sclerotitjm  rolfsii   sacc.     /«  Jour.  Agr.  Research ,  v .  1 8, 
no.  3,  p.  127-1^8,  r  fig.,  pt.  3-6.     19:51.     Literature  cited,  p.  137-138. 
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Farm,  Va.,  with  two  varieties  of  potatoes,  Irish  Cobblers  and  Bliss 
Triumphs,  and  two  strains  of  the  fungus.  One  of  these  latter,  culture 
No.  126,3  was  isolated  in  July,  1918,  from  a  decaying  potato  tuber  grown 
in  North  Carolina  and  the  other,  culture  No.  127,  in  May,  191 8,  from  a 
diseased  potato  stem  grown  in  Arkansas.  The  diseased  material  from 
both  sources  represented  clear  cases  of  the  Sclerotium  infection. 

Ten  tubers  of  each  variety  were  inoculated  in  19 19  with  Sclerotium 
No.  126  and  10  with  Sclerotium  No.  127,  making  a  total  of  40  inoculated 
tubers.  In  addition,  a  number  of  uninoculated  tubers  of  both  varieties 
were  planted  for  control.  All  these  potatoes  were  grown  the  preceding 
season  in  Aroostook  County,  Me.,  where  sclerotium-rot  has  never  been 
found.  The  inoculations  were  made  a  few  days  before  planting,  a 
sclerotium  or  two  being  inserted  in  a  narrow  channel  made  in  each  tuber 
by  means  either  of  a  cork  borer  or  a  needle.  When  the  potatoes  were 
taken  to  the  field  a  few  millimeters  of  decay  could  be  noted  in  every 
tuber  on  cutting.  The  planting  was  done  on  May  19,  following  a  period 
of  rainy  weather.  There  was  an  abundance  of  moisture  in  the  soil, 
although  the  surface  of  the  ground  was  reasonably  flat.  The  two  months 
following  the  planting  were  characterized  by  prolonged  warm  and  dry 
weather,  intermittent  with  two  rainy  periods. 

The  effect  of  Sclerotium  rolfsii  on  growing  potatoes  in  this  test  was 
extremely  disastrous.  Part  of  the  plantings  did  not  show  above  the  ground 
at  all,  part  perished  from  damping-off,  and  most  of  the  remainder  grad- 
ually wilted  and  died  before  maturity.  The  progress  of  the  disease 
during  the  season  was  as  follows: 

June  10.  Number  of  missing  hills 11 

June  10.  Number  of  small  plants  (1  to  3  inches)  damped-ofF 7 

June  18.  Number  of  larger  plants  showing  wilt 10 

June  24.  Additional  number  of  wilting  plants 6 

July  14.  Additional  number  of  wilted  plants 1 

Total  number  of  missing  and  wilted  plants 35 

The  remaining  five  plants,  although  considerably  weakened,  remained 
alive  until  harvest.  Their  size  was  only  about  half  that  of  the  plants  in 
the  control  row,  but  the  foilage  and  the  stems  were  practically  normal 
in  appearance  (PI.  1,  B).  It  is  probable  that  the  action  of  the  parasite 
in  these  cases  was  confined  to  the  root  system  alone. 

At  digging  time,  on  September  15,  no  tubers  were  found  in  any  of  the 
35  hills  wilted  or  otherwise  destroyed  by  the  fungus.  The  other  5  hills 
produced  a  few  tubers  of  the  size  of  a  hazel  nut,  but  no  rot  was  in  evidence. 
Control  rows  produced  medium-sized  sound  tubers,  and  they  showed  no 
signs  of  damping-off  or  wilt  throughout  the  growing  season. 

There  was  no  perceptible  difference  in  the  response  of  the  two  varieties 
of  potatoes  used.  However,  the  severity  of  the  attack  of  the  two  fungus 
strains  differed  somewhat  in  this  experiment.  Thus  on  June  24  (five 
weeks  after  planting),  all  plants  inoculated  with  Sclerotium  No.  126 
were  either  dead  or  showed  distinct  symptoms  of  wilt,  while  among 
those  inoculated  with  Sclerotium  No.  127,  six  plants  still  were  apparently 
unaffected,  three  of  each  variety.  On  July  14  wilt  appeared  in  an  ad- 
ditional Bliss  Triumph  plant;  but  the  other  five  plants,  three  Irish  Cob- 
blers and  two  Bliss  Triumphs,  while  under  size,  showed  no  other  signs 
of  the  disease  and  remained  alive  as  long  as  the  control  plants. 

3  Numbers  ol  the  cultures  in  this  paper  have  reference  to  the  writers'  collection. 
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The  various  symptoms  of  the  disease  followed  each  other  in  succession. 
Some  seed  tubers  decayed  so  rapidly  that  the  sprouts  never  reached  the 
surface  of  the  ground.  Thus,  the  missing  hills,  a  little  over  25  per  cent 
of  the  total  number  planted,  gave  the  first  indication  of  the  activities 
of  the  parasite.  About  16  per  cent  of  those  that  did  come  up  were  able 
to  form  only  a  few  first  leaves,  as  the  stems  became  thoroughly  infested 
with  the  fungus,  turned  dark  and  water-soaked  at  and  a  little  below  the 
surface  of  the  ground,  and  died.  The  appearance  of  such  plants  was 
fully  typical  of  damping-off.  The  next  distinct  stage  of  attack  may 
quite  properly  be  characterized  as  wilt.  It  was  observed  with  older 
plants,  when  not  only  the  roots  but  also  the  stems  were  so  seriously 
injured  by  the  parasite  that  the  activity  of  the  conducting  vessels  was 
greatly  impaired.  A  little  later  the  stems  were  so  corroded  that  the 
plants  died.  In  some  cases  the  foliage  symptoms  were  so  typical  of  wilt 
that  it  would  be  difficult  on  casual  observation  to  distinguish  this  form 
from  those  caused  by  Fusarium,  Verticillium,  or  bacteria  (PI.  2,  A).  It 
is  very  easy,  however,  to  ascertain  the  actual  cause  of  the  trouble  on 
closer  examination  of  the  base  of  the  stem,  where  usually  a  weft  of  white 
mycelium  and  the  brown  sclerotia  of  Sclerotium  rolfsii  can  be  found  as 
well  as  a  stemrot  in  place  of  the  discoloration  of  the  vascular  system. 
In  some  cases  the  infestation  of  the  stem  was  not  deep  enough  to  sever 
completely  the  vascular  connections ;  and  then  the  symptoms  of  the  wilt 
were  not  so  pronounced,  but  the  plants  presented  a  general  unhealthy 
appearance  with  partly  drying,  partly  wilting  foliage.  This  form  may 
readily  come  under  the  conception  of  blight.  This  condition,  too,  led  to 
the  ultimate  death  of  the  plants  (PI.  2,  B).  The  number  of  wilted  and 
blighted  plants  in  the  foregoing  experiment  constituted  a  little  over  40 
per  cent. 

A  repetition  of  this  experiment  was  made  in  1920  on  another  piece  of 
land  on  the  same  farm.  Only  the  Irish  Cobbler  variety  was  used  this 
time,  but  there  were  two  sets  of  plantings — an  early  one,  on  April  8,  and 
a  later  one,  on  May  6.  Twelve  hills  to  each  strain  of  the  fungus  in  each 
series  were  planted,  or  48  hills  in  all.  The  remainder  of  the  procedure 
was  identical  with  that  of  1919.  The  progress  of  the  disease  was  one  of 
great  interest.  Up  to  the  middle  of  June  all  plants  in  the  earlier  set 
inoculated  with  culture  No.  126  remained  healthy,  and  of  those  inoculated 
with  culture  No.  127  two  showed  wilt.  On  the  same  date  in  the  later 
set  there  were  2  hills  missing  and  7  wilting  in  the  lot  inoculated  with 
culture  No.  126,  while  not  a  single  hill  inoculated  with  culture  No.  127 
showed  any  sign  of  infection.  During  the  next  two  weeks  the  disease 
made  a  general  advance  in  all  the  sets,  and  the  conditions  on  June  29 
were  as  follows : 

EARLY  PLANTING 

(a)  Inoculations  with  culture  No.  126:  4  hills  showed  infection. 

(b)  Inoculations  with  culture  No.  127:  7  hills  more  or  less  infected,  in  some  hills 
only  one  stem  showing  the  disease. 

LATER  PLANTING 

(c)  Inoculations  with  culture  No.  126:  10  hills  were  affected,  of  which  5  decayed 
completely  and  disappeared. 

(d)  Inoculations  with  culture  No.  127:  No  hill  showed  infection. 

At  harvesting  time,  on  July  20,  3  hills  remained  alive  in  lot  (a),  an 
increase  of  75  per  cent  in  affected  plants,  6  in  lot  (b)  showing  that  1  hill, 
partially  affected,  had  recovered  during  the  last  three  weeks  before  the 
harvest,  4  in  lot  (c),  indicating  another  partial  recovery,  and  1 1  in  lot  (d), 
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which  signifies  death  of  one  plant  only.  The  general  succession  of  the 
various  manifestations  of  the  disease  was  essentially  the  same  as  in  the 
first  test  and  varied  with  the  age  of  the  plants.  Thus,  there  were  first 
some  missing  hills  in  those  cases  where  the  seed  pieces  were  destroyed 
promptly  in  the  ground,  then  damping-off  symptoms  showed  on  the 
young  plants,  and  finally  wilt,  stemrot,  and  blight  followed  in  older 
plants.  As  to  the  tuber  production  and  tuber-rot,  the  following  condi- 
tions were  observed  on  the  date  of  digging: 

EARLY  PLANTING' 

Lot  (a):  Only  9  hills  produced  tubers,  of  small  size;  a  severe  rot  in  3  hills. 
Lot  (b):  Every  hill  produced  tubers,  all  undersized;  severe  rot  in  4  hills. 

LATER  PLANTING 

Lot  (c):  Only  5  hills  produced  tubers,  undersized;  severe  rot  in  1  hill. 
Lot  (d):  Tubers  in  every  hill,  varying  in  size;  severe  rot  in  4  hills. 

It  appears  from  the  foregoing  data  that  the  most  serious  infection  with 
Sclerotium  No.  126  took  place  in  the  later  planting  or  later  in  the  season 
in  the  earlier  planting  and,  quite  the  contrary,  with  Sclerotium  No.  127 
the  most  serious  infection  took  place  in  the  earlier  planting  and  very 
little  infection  was  observed  in  the  later  planting.  These  results  indicate, 
therefore,  that  the  Arkansas  strain  of  the  fungus  is  more  adapted  to 
cooler  temperatures,  while  the  North  Carolina  strain  is  more  adapted  to 
warmer  temperatures. 

The  total  number  of  hills  which  became  infected  with  culture  No.  126 
in  both  plantings  in  this  experiment  was  19,  and  the  total  number  of 
hills  which  became  partially  or  wholly  infected  with  culture  No.  127  in 
both  plantings  was  only  8.  This  apparently  weaker  pathogenicity  of 
the  latter  strain  is  quite  in  accord  with  the  results  obtained  during  the 
preceding  season. 

EXISTENCE  OF  STRAINS  OF  SCLEROTIUM  ROLFSII 

The  markedly  different  parasitic  activities  of  the  two  Sclerotium  cul- 
tures and  their  different  behavior  in  the  field  at  different  time  of  the 
season  obviously  suggest  the  existence  of  strains  in  Sclerotium  rolfsii. 
Taubenhaus  4  summarizing  the  results  of  his  recent  work,  stated  that — 

There  are  no  varietal  nor  physiological  strains  in  Sclerotium  rolfsii. 

It  is  self-evident,  however,  that  this  assertion  may  be  regarded  as  cor- 
rect with  reference  only  to  those  strains  which  were  included  in  his 
studies  and  that  the  generalization  of  the  characteristics  of  these  strains 
is  not  at  all  warranted.  As  it  is  seen  from  the  foregoing  account  of  the 
writers'  experiments,  their  two  strains  reveal  a  decided  physiological 
difference.  Furthermore,  these  two  strains  exhibit  a  distinct  morpho- 
logical difference,  namely,  in  the  size  of  the  sclerotia,  as  shown  in  Plate  3, 
A  to  C.  The  individual  sclerotia  vary  in  size  within  the  strain,  and  their 
average  size  may  be  larger  or  smaller,  depending  on  the  kind  of  medium 
and  environmental  conditions;  but  when  considered  relatively,  on  the 
same  medium,  at  the  same  age,  grown  under  the  same  environment,  the 
sclerotia  of  the  culture  No.  126  are  always  larger  than  the  sclerotia  of  the 
culture  No.  127.  Besides,  there  is  a  peculiar  tendency  in  the  strain 
No.  126  when  food  supply  is  abundant  to  mass  up  the  sclerotia  in  large 
clusters  (PI.  3,  C)  which  has  not  been  noted  in  the  "microsclerotial" 
strain  No.  127.  The  sclerotia  in  the  clusters  are  often  of  a  much  larger 
diameter  than  the  individual  sclerotia  and  tend  to  become  elongated, 

•'  Taubknhatjs,  J.  J.    Op.  err. 
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curved,  or  irregular  in  shape.  The  constant  relative  difference  in  the  size 
of  the  sclerotia  of  the  two  strains  was  observed  on  the  following  media: 
Raw  potato,  cooked  potato  plugs,  potato  agar,  corn-meal  agar,  oatmeal 
agar,  rice  agar,  and  rice.  Other  media  were  not  included  in  the  studies. 
Considering  the  characters  of  the  two  cultures  stated  in  the  preceding 
paragraphs,  the  writers  believe  the  conclusion  to  be  quite  warranted 
that  the  difference  between  Sclerotium  No.  126  and  Sclerotium  No.  127 
is  that  of,  at  least,  varietal  character.  Having  no  authentic  culture  of 
Sclerotium  roljsii  Sacc.  they  are  unable  to  determine  which,  if  either,  of 
the  two  is  the  true  species. 

CHARACTER  OF  SCLEROTIUM   TUBER-ROT 

The  potato  tubers  infected  with  Sclerotum  roljsii  in  the  field  or  arti- 
ficially inoculated  in  the  laboratory  are  subject  to  a  rapid  progressive 
decay.  This  decay  is  practically  odorless  and  colorless  in  its  earlier 
stages  but  takes  on  a  yellowish  appearance  in  older  portions,  particularly 
if  there  is  a  considerable  development  of  the  fungus  hyphae.  The  affected 
host  tissues  become  usually  more  or  less  porous.  This  was  exactly  the 
type  of  rot  from  which  culture  No.  126  was  isolated.  It  was  also  re- 
peatedly reproduced  in  laboratory  inoculations.  The  term  "white  rot" 
would  seem  to  be  quite  appropriate  to  and  descriptive  of  this  stage  of 
the  disintegration.  Under  sufficiently  favorable  moisture  and  temperature 
conditions  the  decay  may  develop  into  what  has  been  termed  "melter" 
type,  when  the  affected  portions  become  exceedingly  soft  and  watery. 

Most  of  the  laboratory  inoculation  experiments  were  carried  on  with 
the  Irish  Cobbler  variety,  but  a  small  quantity  of  Bliss  Triumph  and  a 
seedling  variety  were  also  tested  with  no  apparent  difference  in  the 
response  of  these  varieties  to  the  action  of  the  parasite.  Inoculum  was 
inserted  either  in  needle  pricks  or  in  shallow  scalpel  wounds.  Both 
relatively  young  sclerotia  and  young  mycelium  of  the  fungus  were  used 
with  practically  the  same  success.  The  inoculated  tubers  were  placed  in 
ordinary  glass  moist  chambers  or  stone  jars  with  layers  of  wet  filter 
paper  below  and  above  and  were  left  in  the  laboratory  for  two  weeks  at 
the  temperature  of  200  to  22  °  C.  The  difference  in  extent  of  rot  pro- 
duced under  these  conditions  by  the  two  Sclerotium  cultures  was  only 
slight  and  may  not  alone  be  regarded  as  significant.  The  diseased  areas 
resulting  from  inoculation  with  culture  No.  126  averaged  23  to  25  mm. 
in  diameter  and  14  to  15  mm.  in  depth;  those  resulting  from  inoculation 
with  culture  No.  127  averaged  18  to  20  mm.  in  diameter  and  10  to  12 
mm.  in  depth.  The  "melter"  type  of  decay  did  not  develop  during  this 
period  and  under  these  conditions.  Liquid,  however,  separated  from 
tubers  kept  in  moist  chambers  for  a  longer  period  of  time. 

The  destructive  effect  of  the  fungus  on  potato  tuber  tissue  was  very 
clearly  shown  when  sterile  raw  potato  blocks  were  inoculated  in  large 
quantities  in  Erlenmeyer  flasks.  There  first  developed  an  abundant 
growth  of  pseudo-parenchymatous  mycelium  emveloping  the  blocks  and 
practically  filling  the  flasks.  Abundant  sclerotial  formation  followed 
with  the  development  of  large  compact  aggregates  of  these  bodies  which 
were  frequently  an  inch  or  even  more  in  diameter.  When  the  mycelial 
development  had  reached  its  maximum  there  appeared  a  gradually  in- 
creasing accumulation  of  light  amber  liquid  in  the  bottom  of  the  flask, 
sometimes  amounting  to  as  much  as  500  cc.  in  a  single  2-liter  flask. 
Since  no  additional  water  was  placed  in  the  flask  with  the  raw  potato 
blocks,  it  is  evident  that  this  liquid  resulted  from  the  action  of  the  fungus 
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on  the  potato.  Observations  made  at  various  stages  in  the  process 
showed  that  the  mycelium  enveloped  but  did  not  penetrate  the  blocks. 
The  middle  lamellae  first  softened,  then  the  cell  contents  and  cellulose 
walls.  The  starch  grains  were  corroded  and  eventually  entirely  dis- 
solved. If  the  mycelial  mass  surrounding  the  space  originally  occupied 
by  an  individual  block  was  broken  open  at  the  proper  stage  it  was  found 
to  inclose  a  cavit3'  approximately  the  size  and  shape  of  the  original 
block  but  containing  nothing  but  a  residue  of  liquid.  Earlier  stages 
showed  free  starch  granules  or  disintegrating  tissue.  The  starch  appears 
to  he  the  last  of  the  solids  to  disappear.  If  the  cultures  were  allowed 
to  remain  undisturbed  for  a  sufficient  period,  at  least  partial  autolysis 
of  the  mycelium  and  sclerotia  occurred  and  the  flasks  instead  of  being 
practically  filled  contained  a  more  or  less  compact  aggregate  of  mycelial 
slime  and  embedded  sclerotia  of  200  or  300  cc.  volume  nearly  submerged 
in  a  few  hundred  cubic  centimeters  of  brown  liquid. 

Examination  of  the  raw  potato  blocks  at  various  stages  of  disinte- 
gration indicated  that  the  fungus  accomplishes  its  work  without  pene- 
trating the  tissue.  The  logical  inference  is  that  digestive  enzyms  are 
secreted  which  dissolve  the  host  tissue  and  the  digested  material  becomes 
available  to  the  fungus  by  diffusion  and  osmosis.  Taubenhaus  5  made 
no  special  study  of  the  enzymic  activity  of  the  fungus  but  states  that — 

infection  seems  to  be  favored  by  an  ernzyni  secreted  by  the  advancing  mycelial 
strands.  .  .  .  Fungous  hyphae  are  not  found  within  the  cells  but  only  between 
them  where  the  middle  lamella  has  disappeared. 

Under  the  artificial  conditions  of  the  writers'  flask  experiments  even  such 
mycelial  penetration  appeared  confined  to  a  very  shallow  surface  layer 
or  failed  entirely. 

Enzym  preparations  of  the  hyphae  obtained  by  the  acetone-ether 
method  and  enzym-bearing  powders  obtained  from  the  amber  liquid  by 
the  alcohol  precipitation  method  were  used  in  studying  the  action  of  the 
fungus.  Disks  of  raw  potato  in  water  were  treated  under  aseptic  con- 
ditions with  each  of  the  enzym  preparations  as  well  as  with  filtered  water 
extracts  of  each  of  them.  Such  disks  invariably  softened  to  the  con- 
sistency of  curd,  whereas  control  disks  similarly  handled  but  with  the 
addition  of  no  enzym-carrying  preparation  or  extract  remained  firm. 
Similar  results  were  obtained  when  toluene  was  used  as  an  antiseptic 
without  special  precautions  against  the  entrance  of  organisms.  The 
disks  disintegrated  through  the  softening  of  the  middle  lamellae  and  the 
consequent  freeing  of  the  individual  cells,  just  as  may  be  seen  in  the 
initial  stages  of  decomposition  in  the  presence  of  the  fungus  itself. 

SUMMARY 

(1)  Infection  of  the  Irish  potato  plant  with  Sclerolium  rolfsii  Sacc. 
may  manifest  itself  in  a  variety  of  symptoms  which,  according  to  their 
appearance,  may  be  grouped  as  seed-piece  rot,  damping-off,  stemrot, 
wilt,  and  blight. 

(2)  Infection  of  the  potato  tuber  results  in  a  progressive  soft  white 
rot,  which  may  take  on  a  so-called  "melter"  form  with  profuse  extrusion 
of  liquid. 

(3)  The  destruction  of  the  host  tissues  may  be  accomplished  without 
hyphal  penetration  by  means  of  digestive  enzyms. 

(4)  Existence  of  varietal  strains  in  the  fungus  known  as  Sclerotium 
rolfsii  is  quire  apparent  from  the  physiological  and  morphological  dif- 
ferences of  the  cultures  studied  by  the  writers. 

6  TAUBENHAUS,  J.  J.,  OP.  CIT.,  p.  132-133. 
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PLATE   i 
Sckrotium  rolfsii  on  potato: 


A. — Wilt  and  stem  decay  at  the  base  from  artificial  inoculation  of  seed  tubers. 
B. — A  dwarfed  plant  grown  from  an  inoculated  seed  tuber, 
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PLATE   2 

Sckroiium  rolfsii  on  potato: 

A.— Typical  symptoms  of  wilt,  result  of  artificial  inoculation. 
B. — A  severe  blighting  condition,  result  of  artificial  inoculation. 


PLATE  3 

Cultures  of  Sclerotium  rolfsii  on  raw  potato  slices  covered  with  sterile  filter  paper. 

A. — Culture  No.  127  from  a  diseased  potato  stem  grown  in  Arkansas. 
B,  C. — Culture  No.  126  from  a  diseased  tuber  grownin  NorthjCarolina. 
C. — Clusters  of  the  sclerotia. 
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EXAMINATION    OF    AUTHENTIC   GRAPE    JUICES    FOR 

METHYL  ANTHRANILATE1 

By  Frederick  B.  Power,  Chemist  in  Charge,  and  Victor  K.  ChesnuT,  Assistant 
Chemist,  Phytochemical  Laboratory ,  Bureau  oj  Chemistry,  United  States  Department  of 
Agriculture 

In  a  preliminary  communication  by  the  present  authors  2  attention  was 
directed  to  the  occurrence  of  methyl  anthranilate  in  grape  juice,  and  it  was 
then  observed  that  this  compound  is  contained  to  the  largest  extent  in 
juices  of  the  Concord  type,  although  the  quantity  present  in  a  number 
of  other  varieties  was  sufficient  to  permit  of  detection  by  the  delicate 
test  employed.3  Through  the  kind  cooperation  of  Dr.  J.  S.  Caldwell,  of 
the  Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture, 
we  have  been  provided  with  a  large  number  of  samples  of  genuine  grape 
juices  which  were  prepared  from  definite  varieties  of  the  fruit  and  in 
different  sections  of  the  country.  It  has  thus  been  made  possible  for  us 
to  obtain  further  information  respecting  the  distribution  of  methyl 
anthranilate  in  grapes  of  different  botanical  origin. 

The  grape  is  preeminently  a  North  American  plant,  for  among  the 
number  of  species  of  the  genus  Vitis  found  in  the  world,  which  is  generally 
considered  by  botanists  to  range  from  40  to  60,4  more  than  half  are  natives 
of  this  continent.  The  number  of  varieties  of  the  grape  described  in 
American  viticultural  literature  is  said  to  be  more  than  2,000,  while  twice 
as  many  more  are  mentioned  in  European  treatises  on  the  vine. 

Inasmuch  as  the  principal  object  of  the  present  investigation  was  to 
determine  whether  methyl  anthranilate  is  a  common  constituent  of  the 
grape  or  whether  its  occurrence  is  restricted  to  certain  distinct  species 
of  the  genus  Vitis,  or  the  varieties  derived  therefrom  by  cultivation, 
consideration  may  first  be  given  to  the  recognized  botanical  origin  of 
the  grapes  examined,  which,  are  designated  by  their  popular  names. 

A  very  complete  elucidation  of  the  subject  of  American  grapes  is  con- 
tained in  a  work  by  U.  P.  Hedrick.5  to  whom  we  are  indebted  for  much 
of  the  information  concerning  the  botanical  relationships  of  the  numerous 
varieties  of  grapes  used  in  the  present  investigation.  Hedrick 6  has  also 
published  a  smaller  and  more  recent  work  on  this  subject. 

In  the  classification  of  grapes  a  primary  distinction  is  made  between 
those  of  the  Old  World  and  those  of  the  New  World,  and  it  has  been  noted 
that  the  grape  is  probably  influenced  to  a  greater  degree  by  soil,  climate, 
and  culture  than  any  other  fruit.     In  the  Old  World  a  single  species  of 

1  Accepted  for  publication  Aug.  12,  1922. 

2  Power,  Frederick  B.,  and  Chbsnut,  Victor  K.  the  occurrence  of  methyl  anthranilate  in  grape 
juice.    In  Jour.  Amer.  Chem.  Soc,  v.  43,  p.  1741-1742.    1921. 

3  Power.  Frederick  B.  the  detection  of  methyl  anthranilate  in  fruit  juices.  In  Jour.  Amer. 
Chem.  Soc,  v.  43,  p.  377-381.     1921.     Bibliographical  footnotes. 

*  In  Index  Kewensis,  pt.  4  and  sup.  1-5.  Oxford.  1895,  1901-15,  several  hundred  species  of  Vitis  are  enu- 
merated, but,  as  stated  by  Hedrick,1  the  number  depends  upon  the  arbitrary  limits  set  for  a  species  and 
our  knowledge  of  the  genus  is  as  yet  too  meager  to  set  these  limits  with  certainty. 

5  Hedrick,  U.  P.  the  grapes  of  new  york.  xv,  564  p.,  101  col.  pi.,  1  port.  Albany.  1908.  Bibliog- 
raphy and  references,  p.  531-536.     (N.  V.  Agr.  Exp.  Sta.  Rpt.  1907,  pt.  2.) 

'  Hedrick,  U.  P.    manual  of  American  grape-growing,    xiii,  458  p.,  54  fig.,  32  pi.    1919. 
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grape  is  cultivated — the  Vitis  vinifera  L.  and  its  varieties.  This  species 
is  grown  for  the  production  of  wine  and  for  making  raisins  because  its 
varieties  have  a  higher  sugar  and  solid  content  than  those  of  the  American 
species,  which  are  cultivated  chiefly  for  table  use.  The  European 
varieties  are  considered  to  have  a  more  delicate  and  richer  vinous  flavor 
and  a  more  agreeable  aroma,  with  less  acidity,  than  American  table  grapes, 
although  the  latter  are  more  refreshing  and  their  unfermented  juice  makes 
a  more  pleasant  drink. 

The  most  commonly  cultivated  native  American  species  of  grape  is 
the  Vitis  labrusca  L.,  which,  in  the  wild  state,  occurs  in  black-,  white-, 
and  red-fruited  forms.  Its  numerous  varieties  possess  a  characteristic 
flavor  and  aroma,  often  described  by  the  terms  "foxy"  or  "musky," 
and  if  not  too  pronounced  this  musk-like  flavor  is  often  very  agreeable. 
A  typical  representative  of  this  species  is  the  Concord  grape.  Another 
northern  species,  the  varieties  of  which  are  esteemed  for  wine  making, 
is  V.  riparia  Michx.  The  variety  under  cultivation  which  is  considered 
one  of  the  best  representatives  of  this  species  is  the  Clinton  grape. 

Many  attempts  have  been  made  to  grow  the  European  grape  in  the 
eastern  part  of  North  America,  but  for  various  reasons  these  have  resulted 
in  failure,  the  climate  particularly  not  being  suitable.7  It  is  only  in  the 
regions  west  of  the  Rocky  Mountains,  and  more  particularly  in  California, 
that  the  varieties  of  Vitis  vinifera  are  successfully  cultivated  in  America, 
and  the  great  viticultural  interests  of  the  far  West  are  said  to  be  founded 
upon  the  success  of  this  one  species,  with  which  the  native  grape  can  not 
compete  for  any  purpose.  Nevertheless,  American  species  are  regarded 
as  indispensable  in  this  western  region  for  stocks  upon  which  to  graft  the 
vinifera  varieties,  and  it  is  said  to  be  probable  that  the  time  is  not  far 
distant  when  all  California  vines  will  be  growing  upon  roots  of  American 
species.  The  number  of  vinifera  varieties  grown  for  wine,  raisins,  and 
table  grapes  extends  into  hundreds,  and  it  has  been  noted  that  the  great 
success  met  with  in  the  cultivation  of  this  species  west  of  the  Great  Con- 
tinental Divide  makes  all  the  more  remarkable  the  fact  that  in  no  place 
east  of  the  Divide  will  varieties  of  it  thrive. 

One  of  the  species  of  Vitis  which  for  many  years  has  been  the  favorite 
grape  in  many  sections  of  the  South  is  V.  rotundifolia  Michx.  This  is 
represented  by  the  so-called  Scuppernong  or  Muscadine  grape.  The 
fruit  of  all  the  varieties  of  this  species  is  characterized  by  a  strong  musky 
aroma,  but  it  is  lacking  in  both  sugar  and  acid.  It  is  not  suitable  for 
table  use,  chiefly  because  the  berries  ripen  unevenly  and  when  ripe  drop 
from  the  clusters.  Another  southern  species  is  V .  aestivalis  Michx.,  best 
represented  by  the  Norton  grape. 

I.  GRAPES  OF  THE  EASTERN  STATES 

The  following  varieties  of  the  grape,  which  are  cultivated  in  the  eastern 
part  of  North  America,  were  examined  for  methyl  anthranilate.  The 
juices  from  all  these  varieties  were  personally  prepared  by  Dr.  J.  S.  Cald- 
well from  ripe  fruit  grown  atVineland,  N.  J.,  and  were  therefore  per- 
fectly authentic.8  In  this  enumeration  the  accepted  botanical  derivation 
of  each  variety  is  noted,  together  with  the  general  characters  of  the  fruit. 

7  Further  efforts  in  this  direction  have  recently  been  made  at  the  New  York  Agricultural  Experiment 
Station  with  more  promise  of  success.  o 

s  All  these  juices  were  cold-pressed  and  were  pasteurized  by  heating  at  a  temperature  of  75  to  80  C. 
Samples  of  juice  of  the  Worden  and  Concord  grapes  were  also  prepared  by  heating  the  crushed  grapes  to 
So0  before  pressing.  The  results  of  the  tests  for  methyl  anthranilate  with  both  cold-  and  hot-pressed  juices 
were  practically  identical. 
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A.  VARIETIES  WHICH  GAVE  A  STRONG  REACTION  FOR  METHYL  ANTHRANILATE 

Concord  (V.  labrusca). — This  is  regarded  as  a  pure-bred  labrusca.  The  berries  are 
black  with  a  blue  bloom.  It  is  the  most  widely  grown  of  the  grapes  of  this  continent, 
and  furnishes  75  per  cent  or  more  of  the  grapes  of  eastern  America.  Grape  juice  is 
made  almost  entirely  from  this  fruit,  and  since  the  European  grape  does  not  make  a 
good  unfermented  juice  the  industry  is  subject  to  no  competition  from  California  or 
Europe. 

Eaton  (V.  labrusca). — This  is  considered  to  be  a  pure-bred  seedling  of  the  Concord 
variety.     The  berries  are  large  and  black  and  are  covered  with  a  heavy  blue  bloom. 

WordEN  (V.  labrusca). — An  offspring  of  the  Concord  grape.  The  berries  vary 
from  dark  purplish  black  to  black  and  are  covered  with  a  heavy  blue  bloom. 

Niagara  {labrusca-vinijera  hybrid). — One  of  the  parents  of  this  grape  is  the  Concord. 
The  berries  are  light  green  and  arc  covered  with  a  thin  gray  bloom. 

Martha  (possibly  a  labrusca-vinijera  hybrid). — This  is  a  seedling  of  the  Concord, 
which  it  resembles  greatly  but  from  which  it  differs  in  several  particulars.  The 
berries  are  light  green  with  a  tinge  of  yellow  and  are  covered  with  a  thin  gray  bloom. 

Ives  (possibly  a  labrusca-aestivalis  hybrid). — The  berries  are  jet  black  and  are 
covered  with  a  moderate  amount  of  blue  bloom. 

Delaware  (labrusca-bourquiniana-vinijera  hybrid). — The  berries  vary  from  small 
to  medium,  are  light  red,  and  are  covered  with  a  thin  lilac  bloom. 

Montefiore  (riparia-labrusca  hybrid).— The  berries  are  black  and  glossy  and  are 
covered  with  an  abundant  blue  bloom. 

Missouri  Riesling  (riparia-labrusca  hybrid). — The  berries  are  pale  or  yellowish 
green,  changing  to  light  red  or  having  a  tinge  of  pink  when  fully  ripe,  and  are  covered 
with  a  thin  gray  bloom. 

B.  VARIETIES    WHICH     GAVE    A     SLIGHT     BUT     DISTINCT    REACTION    FOR 

METHYL   ANTHRANIEATE 

Pocklington  (V .  labrusca). — A  so-called  white  grape  and  seedling  of  the  Concord. 
The  berries  are  yellowish  green  and  are  covered  with  a  thin  gray  bloom. 

I/UCiLE  (V.  labrusca). — The  berries  are  dark  red  and  are  covered  with  a  thin  lilac 
bloom. 

Vergennes  (V.  labrusca). — The  berries  are  either  light  red  or  dark  red  and  are  cov- 
ered with  a  lilac  bloom. 

Brighton  (labrusca-vinijera  hybrid).— The  berries  are  either  light  red  or  dark  red 
and  are  covered  with  a  dajk  lilac  bloom. 

Campbell  Early  (labrusca-vinijera  hybrid). — The  berries  are  dark  purplish  black 
and  are  covered  with  a  heavy  blue  bloom. 

Woodruff  Red  (possibly  a  labrusca-vinijera  hybrid). — This  has  been  supposed  to 
be  a  cross  of  the  Catawba  and  Concord  grape.  The  berries  are  dark  brick  red  and  are 
covered  with  a  thin  lilac  to  faint  blue  bloom. 

Lindley  (labrusca-vinijera  hybrid). — The  berries  are  dark  brick  red  and  are  covered 
with  a  lilac  or  faint  blue  bloom. 

Herbert  (labrusca-vinijera  hybrid).— The  berries  are  a  rather  dull  black  and  are 
covered  with  a  thick  blue  bloom. 

Diamond  (labrusca-vinijera  hybrid). — The  berries  are  green  and  are  covered  with  a 
thin  gray  bloom. 

Merrimac  (labrusca-vinijera  hybrid). — The  berries  are  black  and  glossy  and  are 
covered  with  an  abundant  blue  bloom. 

Agawam  (labrusca-vinijera  hybrid). — The  berries  are  dark  and  dull  purplish  red, 
somewhat  resembling  the  Catawba,  and  are  covered  with" a  lilac  bloom. 

Wilder  (labrusca-vinijera  hybrid).— The  berries  are  large,  purplish  black  to  black, 
and  are  covered  with  a  heavy  lilac  bloom. 

Barry  (labrusca-vinijera  hybrid). — The  berries  are  large,  dark  purplish  black  to 
black,  and  are  covered  with  a  heavy  blue  bloom. 

Perkins  (labrusca-vinijera  hybrid). — The  berries  vary  from  large  to  medium,  are 
dull  green,  changing  to  pale  lilac  or  light  red  when  fully  ripe,  and  are  covered  with  a 
rather  abundant  gray  or  lilac  bloom. 

Isabella  (labrusca-vinijera  hybrid). — -The  berries  vary  from  medium  to  large,  are 
deep  black,  and  are  covered  with  considerable  blue  bloom. 

Early  Victor  (possibly  a  labrusca-bourquiniana  hybrid). — The  berries  are  dark 
purplish  black  and  are  covered  with  a  heavy  blue  bloom. 

Brilliant  (labrusca-vinijera-bourquiniana  hybrid). — The  berries  are  dark  red, 
rather  glossy,  and  are  covered  with  an  abundant  lilac  bloom. 
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Diana  (possibly  a  labrusca-vinifera-aestivalis  hybrid). — This  is  a  seedling  of  the 
Catawba  to  which  it  bears  a  strong  resemblance.  The  berries  are  somewhat  irregular 
in  size,  rather  light  red,  and  are  covered  with  a  thin  lilac  bloom. 

Eumelan  (labrusca-vinifera-aestivalis  hybrid). — The  berries  are  black  and  glossy 
and  are  covered  with  an  abundant  lilac  bloom. 

ClevenEr  (possibly  a  labruscariparia-aestivalis  hybrid). — The  berries  are  black  and 
rather  glossy  and  are  covered  with  a  blue  bloom. 

Rommel  (labrusca-riparia-vinifera  hybrid). — The  berries  are  light  green  with  a 
yellow  tinge,  glossy,  and  are  covered  with  a  moderate  amount  of  gray  bloom. 

Elvira  (riparia-labrusca  hybrid). — The  berries  are  greenish,  with  a  yellowish  tinge, 
and  are  covered  with  a  fair  amount  of  gray  bloom. 

Clinton  (riparia-labrusca  hybrid). — The  berries  are  dark  purplish  black  to  black, 
glossy,  and  are  covered  with  a  rather  thick  blue  bloom. 

Ironclad  or  Diogenes  (riparia-labrusca  hybrid).— The  berries  are  small,  jet  black, 
glossy,  and  are  covered  with  blue  bloom. 

Franklin  (riparia-labrusca  hybrid). — A  minor  variety,  which  is  said  to  resemble 
the  Clinton  very  closely. 

Cynthiana  (aeslivalis-labrusca  hybrid). — -The  berries  are  small  and  black  and  are 
covered  with  a  moderate  amount  of  blue  bloom. 

Norton  (aestivalis-labrwca  hybrid). — The  berries  are  small  and  black,  somewhat 
glossy,  and  are  covered  with  a  heavy  blue  bloom. 

Gop;the  (vinifera-labrusca  hybrid). — -This  resembles  to  a  marked  degree  the  White 
Malaga  grape  of  European  fame.  The  berries  are  large,  pale  red,  and  are  covered  with 
a  thin  gray  or  slightly  lilac  bloom. 

Dutchess  (vinijera-labrusca  hybrid,  with  possibly  bourquiniana  and  aestivalis).— 
The  berries  are  pale  yellowish  green  and  are  covered  with  a  thin  gray  bloom. 

King  Philip  (a  minor  variety,  considered  to  be  a  vinifcm-labrusca-riparia  hybrid). — 
The  berries  are  purple. 

C.    VARIETIES  WHICH  GAVE  NO  REACTION  FOR  METHYL  ANTHRANILATE 

Catawba  (labrusca-vinifera  hybrid). — The  berries  are  intermediate  in  size,  dull 
purplish  red,  and  are  covered  with  a  moderate  amount  of  lilac  bloom. 

ULSTER  (labrusca-vinifera  hybrid). — The  parents  of  this  grape  are  said  to  be  the 
Catawba  pollinated  by  a  wild  aestivalis.  The  berries  are  dark  dull  red  and  are  cov- 
ered with  a  thin,  light  to  dark  lilac  bloom. 

Salem  (labrusca-vinifera  hybrid). — The  berries  vary  from  large  to  medium,  are  very 
dark  dull  red,  and  are  covered  with  a  medium  amount  of  blue  bloom. 

HerbEmont  (V.  bourquiniana). — The  berries  are  reddish  black  or  brown,  with  an 
abundant  blue  bloom. 

NECTAR  (labrusca-bourquiniana  hybrid,  with  possibly  vinifera). — The  berries  are 
intermediate  in  size,  dark  purplish  black,  and  are  covered  with  a  heavy  blue  bloom. 

Noah  (riparia-labrusca  hybrid). — The  berries  are  small,  light  green  tinged  with 
yellow,  and  are  covered  with  a  thin  gray  bloom. 

Canada  (riparia- labrusca-vinifera  hybrid). — The  berries  vary  from  medium  to 
small,  are  purplish  black  to  black,  glossy,  and  are  covered  with  a  heavy  dark  blue 
bloom. 

Berckmans  (riparia-labrusca-bourquiniana  hybrid). — The  berries  are  intermediate 
in  size,  resemble  the  Delaware  in  color,  and  arc  covered  with  a  lilac  bloom. 

In  connection  with  the  preceding  classification,  which  is  based  upon 
the  occurrence  or  absence  of  methyl  anthranilate,  it  has  been  deemed  of 
interest  to  present  a  survey  of  the  numerous  varieties  of  the  grape  ex- 
amined by  arranging  them  according  to  their  botanical  derivation.  The 
variations  respecting  the  occurrence  of  methyl  anthranilate  in  the 
different  botanical  groups  may  thus  readily  be  seen,  and  the  relative 
amounts  and  the  absence  of  the  particular  ester  are  indicated  by  the 
following  signs :  +  +  indicates  a  strong  reaction ;  -f  indicates  a  slight  but 
distinct  reaction;   —  indicates  a  negative  result. 
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Labrusca. 


+  +  Concord. 
+  -f  Worden. 

-j-  Pocklington. 
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-f  Lucile. 

+  Vergennes. 

Labrusca-vinifera. 

-f  +  Niagara, 
-f  Brighton. 
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-}-  Merrimac. 
+  Wilder. 
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-f  Goethe. 
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+  King  Philip. 
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-f  Cynthiana. 
-{-  Norton. 

Bourquiniana. 

—  Herbemont. 


II.  GRAPEvS  OF  THE  SOUTHERN  STATES 

The  grapes  of  the  Southern  States,  as  previously  noted,  are  derived 
chiefly  from  the  species  known  as  Vitis  rotundijolia  or  its  varieties. 
Through  the  courtesy  of  Dr.  J.  S.  Caldwell  we  were  provided  with  samples 
of  so-called  Muscadine  grape  juice  which  had  been  prepared  by  Charles 
Dearing  and  Guy  F.  Yerkes,  of  Willard,  N.  C.  These  samples  were 
designated  by  the  following  popular  names  of  the  particular  varieties 
of  grape:  (1)  Thomas,  (2)  Scuppernong,  (3)  Latham,  (4)  Mish.  All  the 
juices  were  cold-pressed  and  were  clear,  pale  yellow  or  brownish  yellow 
liquids.  They  had  a  sweetish,  honeylike  odor,  quite  unlike  that  of 
the  northern  grape  juices.  The  test  for  methyl  anthranilate,  which  was 
conducted  with  500  cc.  of  the  respective  samples,  gave  in  all  cases  a 
perfectly  negative  result. 

III.  CALIFORNIA  GRAPES 

The  grapes  of  California  may  be  considered  as  representative  of  the 
European  species,  Vitis  vinijera,  of  which  a  very  large  number  of  varieties 
have  been  produced  through  cultivation.  Two  samples  of  juice  from 
grapes  of  the   1921   crop  were  kindly  supplied  by  Prof.  W.  V.  Cruess, 
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of  the  University  of  California,  and  reported  by  him  to  be  true  to  name. 
These  were  designated  as  (i)  Muscat  and  (2)  Petite  Sirah.  The  Muscat 
juice  was  expressed  without  heating  and  was  pasteurized  in  the  container 
at  1 750  F.  The  Petite  Sirah  juice  was  prepared  by  heating  the  crushed 
grapes  to  about  1600  F.,  and  pasteurizing  in  the  container  at  1750  F. 
The  Muscat  juice  was  a  pale  yellow  liquid,  having  a  sweetish  odor. 
When  distilled  for  the  purpose  of  the  test,  the  first  portion  of  the  distillate 
was  observed  to  be  very  fragrant,  the  odor  being  somewhat  like  that 
of  nutmeg.  The  Petite  Sirah  juice  was  a  deep  purplish  red  liquid, 
without  much  odor  but  having  a  pleasant,  very  sweet  taste.  No  reaction 
for  methyl  anthranilate  could  be  obtained  with  either  of  these  liquids 
when  portions  of  500  cc.  were  subjected  to  the  special  test. 

We  are  indebted  to  Mr.  Elmer  Snyder,  of  Fresno,  Calif.,  for  several 
additional  samples  of  California  juices,  which  were  supplied  by  the 
California  Wine  Association  and  designated  as  follows:  (1)  Muscat,  (2) 
Burger,  (3)  Sauvignon  vert,  (4)  Zinfandel,  (5)  Alicante  Bouschet.  The 
first  three  of  these  samples  were  pale  yellow  or  brownish  yellow  liquids, 
while  the  fourth  and  fifth  had  a  deep  purplish  red  color  and  a  somewhat 
distinctive  odor.  The  light-colored  juices  were  cold-pressed,  while  the 
purplish  red  ones  were  obtained  by  heating  the  grapes  before  pressing. 
In  none  of  these  five  samples  of  grape  juice  could  any  trace  of  methyl 
anthranilate  be  detected. 

COMMERCIAL  GRAPH  JUICES 

In  connection  with  the  examination  of  juices  from  definite  varieties 
of  the  grape  it  was  deemed  desirable  to  ascertain  the  character  of  some 
of  the  commercial  products,  of  which  a  considerable  number  were  avail- 
able. 

The  products  from  13  manufacturers  of  grape  juice  in  the  Eastern  or 
Central  States,  all  of  which  were  either  definitely  declared  to  have  been 
made  from  Concord  grapes  or  were  deep  red  liquids  having  the  characters 
of  pure  Concord  juices,  gave  evidence  of  the  presence  of  methyl  anthranil- 
ate, but  not  in  larger  proportions  than  had  been  found  in  perfectly 
authentic  juices.  The  same  positive  results  were  obtained  from  a  red  juice 
produced  in  the  State  of  Washington.  This  juice  was  stated  to  have 
been  made  from  Concord  and  Worden  grapes,  and  it  was  collected 
directly  from  the  press  by  an  official  inspector  from  the  Bureau  of  Chem- 
istry, United  States  Department  of  Agriculture.  On  the  other  hand,  one 
sample  of  a  California  product,  although  labeled  "Concord  Grape  Juice" 
and  containing  methyl  anthranilate,  was  a  yellowish  liquid  having  a 
sweetish,  honeylike  odor,  quite  unlike  that  of  a  pure  Concord  juice.  Its 
authenticity  and  purity  were  therefore  extremely  doubtful.  Very  slight 
reactions  for  methyl  anthranilate  were  obtained  with  two  red  juices,  pro- 
duced by  Eastern  manufacturers,  which  were  not  designated  as  Con- 
cord; and  traces  of  the  ester  were  indicated  in  two  commercial  Catawba 
juices,  both  of  which  were  clear,  pale  yellow  liquids  containing  sulphur 
dioxid. 

Only  a  few  commercial  juices  gave  results  which  indicated  the  complete 
absence  of  methyl  anthranilate.  These  comprised  the  following  products : 
(1)  Two  samples  designated  simply  as  grape  juice,  which  were  clear,  pale 
yellow  liquids;  (2)  one  sample  specifically  designated  as  Catawba  juice, 
which  was  a  clear,  bright  yellow  liquid ;  (3)  three  samples  of  red  California 
juices,  one  of  which  was  stated  to  have  been  prepared  from  ripe  wine 
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grapes  of  the  transplanted  European  varieties,  while  another  was 
designated  as  Alicante  grape  juice,  and  the  third  sample  was  only  claimed 
to  be  the  juice  from  ripe  California  grapes;  (4)  one  sample  of  red  juice 
obtained  from  the  State  of  Washington  and  presumably  prepared  from 
a  variety  of  the  European  grape;  the  expression  of  this  juice  was  super- 
vised by  an  inspector  from  the  Bureau  of  Chemistry,  United  States 
Department  of  Agriculture. 

In  the  course  of  the  preceding  investigation  a  sample  of  loganberry 
juice  was  examined  for  the  presence  of  methyl  anthranilate  but,  as  was 
anticipated,  with  a  perfectly  negative  result. 

CONCLUSIONS 

In  considering  the  results  of  this  investigation  it  is  of  interest  to  observe 
that  those  grapes  which  are  regarded  by  viticulturists  as  representing  pure- 
bred Vitis  labrusca  contain  methyl  anthranilate.  With  few  exceptions 
it  was  also  found  in  varying  amounts  in  all  those  varieties  which  represent 
hybrids  of  V.  labrusca,  and  especially  when  this  species  predominates. 
On  the  other  hand,  this  ester  could  not  be  detected  in  juices  from  Califor- 
nia grapes,  which  are  derived  from  the  European  V.  xinifera,  nor  in  juices 
from  southern  grapes,  derived  from  V.  rotundijolia.  A  negative  result 
was  likewise  obtained  with  the  one  available  sample  of  juice  from  the 
species  known  as  V.  bourquiniana  Munson. 

Inasmuch  as  considerable  uncertainty  appears  to  exist  with  regard  to 
the  botanical  origin  of  several  varieties  of  the  grape  it  is  possible  that  a 
determination  of  the  presence  or  absence  of  methyl  anthranilate  may 
possess  some  diagnostic  value.  The  extent  to  which  this  compound 
occurs  in  any  particular  variety  may,  however,  be  influenced  in  some 
degree  by  the  soil  and  climate,  as  it  doubtless  would  be  by  varying  con- 
ditions of  ripeness  of  the  fruit. 

Although  it  may  be  presumed  that  methyl  anthranilate  imparts  a 
distinctive  odor  to  those  varieties  of  the  grape  in  which  it  occurs,  it 
evidently  does  not  completely  represent  their  odorous  constituents.  As 
already  noted,  it  was  not  found  in  the  juice  of  the  Catawba  grape,  which 
possesses  a  characteristic  aroma,  and  it  has  been  observed  that  the 
botanical  characters  of  this  variety  are  those  of  Vitis  vinijera  crossed  with 
V.  labrusca.  A  complete  chemical  examination  of  the  odorous  con- 
stituents of  grapes,  which  probably  differ  to  some  extent  in  the  numerous 
varieties,  still  remains  to  be  accomplished. 
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EFFECT  OF  VARIOUS  INORGANIC  NITROGEN  COM- 
POUNDS, APPLIED  AT  DIFFERENT  STAGES  OF 
GROWTH,  ON  THE  YIELD,  COMPOSITION,  AND  QUAL- 
ITY OF  WHEAT  » 

By  jEHiEiv  Davidson,  Soil  Chemist,  and  J.  A.  LeClERC,  formerly  Chemist  in  Charge, 

Plant  Chemical  Laboratory,  Bureau  of  Chemistry,  United  States 

Department  of  Agriculture 

INTRODUCTION 

In  a  series  of  experiments  reported  in  191 7  and  191 8  2  sodium  nitrate 
was  applied  at  different  stages  of  growth.  When  the  sodium  nitrate 
was  applied  at  the  first  stage,  when  the  crop  was  about  2  inches  high, 
an  increase  in  yield  was  obtained.  When  applied  at  the  second  stage, 
at  the  time  of  heading,  the  yield  was  not  affected,  but  a  higher  nitrogen 
content,  both  in  the  grain  and  straw,  was  obtained,  and  yellow-berry 
was  practically  eliminated.  When  applied  at  the  third  or  milk  stage, 
almost  no  effect  was  observed.  The  wheat  used  in  those  experiments 
was  a  soft  winter  wheat.  The  terms  flinty  and  yellow-berry  refer  not 
to  the  typical  qualities  of  wheat  designated  by  them  but  only  to  the 
color  of  the  grain.3 

The  experiment  discussed  in  this  article  was  undertaken  with  two 
objects  in  view.  One  was  to  repeat  the  previous  experiments  with  a 
hard  winter  wheat  in  a  region  where  the  prevalence  of  typical  yellow- 
berry  fluctuates  from  year  to  year ;  the  other  was  to  determine  the  effect 
of  nitrogen  derived  from  carriers  other  than  sodium  nitrate. 

The  experiment  was  carried  out  on  the  farm  of  the  Claassen  brothers, 
near  Beatrice,  Cage  County,  in  the  State  of  Nebraska,4  in  the  summer  of 
1917. 

1  Accepted  for  publication  July  2,  1921. 

2  Davidson,  J.,  and  LeClerc,  J.  A.  the  effect  of  sodium  nitrate  applied  at  different  stages  op 
growth  on  the  yield,  compoeition,  and  quality  of  wheat.  In  Jour.  Amer.  Soc.  Agron.,  v.  9,  no.  4, 
p.  145-154,  1917;  v.  10,  no.  5,  p.  193-198,  1918. 

3  Since  this  work  was  completed,  W.  F.  Gericke  (on  the  protein  content  of  wheat.  In  Science, 
N.  S.,  v.  52,  p.  446-447.  1920;  differences  effected  in  the  protein  content  of  grain  by  appli- 
cations of  nitrogen  made  at  different  growing  periods  of  plants.  In  Soil  Science,  v.  14,  p.  103- 
109.  1922)  reported  results  which,  with  due  allowance  for  the  greenhouse  conditions  under  which  his 
experiments  were  carried  cut,  are  identical  in  their  essential  tendencies  with  the  results  just  referred  to. 
The  two  papsrs  by  Davidson  and  LeClerc,2  which  had  been  presented  at  consecutive  annual  meetings  of 
the  American  Society  of  Agronomy  before  they  were  published,  seem  to  have  escaped  Mr.  Gericke's 
notice,  as  he  asserts  (Science,  loc.  cit.)  that  his  results  obtained  with  wheat,  one  ol  the  plants  studied, 
throw  new  light  upon  this  protein  question. 

4  The  authors  wish  to  acknowledge  the  valuable  assistance  of  County  Agent  L.  B.  Rist  and  of  the  owners 
of  the  farm. 
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EXPERIMENTAL  WORK 
PLAN   OF   THE   EXPERIMENT 

The  plan  of  the  experiment  is  given  in  the  following  table : 


Plot 

No. 


4 
5 
6 

7 
8 

9 
io 
ii 

12 

13 
14 

15 
16 

17 

1 8 

*9 
20 
21 
22 

23 
24 

25 
26 

27 

28 

29 


Stage  i  (crop  about  8  inches 
high). 


Sodium     nitrate     (2 
pounds). 


Potassium    chlorid    (1. 
pounds). 


Calcium     nitrate    (2 
pounds). 


Ammonium  sulphate 
(1.  5  pounds). 


Sodium    hydroxid    (0.9 
pound). 


Potassium    nitrate    (2.4 
pounds). 


Sulphuric  acid  (298  cc.) . 


Stage  2  (time  of  heading). 


Sodium     nitrate     (2 
pounds). 


Stage  3  (milk  stage). 


Potassium    chlorid    (1.8 
pounds). 


Calcium     nitrate     (2 
pounds). 


Ammonium   sulphate 
(1.5  pounds). 


Sodium     hydroxid     (0.9 
pound). 


Potassium    nitrate     (2.4 
pounds). 


Ammonium  chlorid  (1.3 
pounds). 


Potassium  hydroxid  (1.3 
pounds). 


Ammonium  nitrate  (0.94 
pound). 


Sidphuric  acid  (298  cc.) . 


Ammonium  chlorid  (1.3 
pounds). 


Potassium  hydroxid  (1.3 
pounds). 


Ammonium  nitrate  (0.94 
pound). 


Sodium     nitrate     (2 
pounds). 


Potassium     chlorid     (1.8 
pounds). 


Calcium     nitrate     (2 
pounds). 


Ammonium     sulphate 
(1.5  pounds). 


Sodium     hydroxid      (0.9 
pound ) . 


Potassium     nitrate      (2.4 
pounds). 


Sulphuric  acid  (298  cc.).. 


Ammonium    chlorid    (1.3 
pounds). 


Potassium   hydroxid    (1.3, 
pounds). 
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Plot 
No. 


.32 
33 

34 

35 

36 

37 
38 

39 
40 

4* 

42 
43 
44 
15 
46 

47 
48 

49 


53 
54 

55 
56 

57 


Stage  1  (crop  about  8  inches 
high). 


Water  (25  gallons). 


Sodium      chlorid      (1.4 
pounds). 


Calcium      chlorid      (1.3 
pounds). 


Stage  2  (time  of  heading). 


Water  (25  gallons) 
Control. 


Sodium      chlorid       (1.4 
pounds). 


Calcium      chlorid      (1.3 
pounds). 


Hydrochloric   acid    (887 
cc). 


Potassium    sulphate    (2 
pounds). 


Hydrochloric    acid    (887 
cc). 


Magnesium  nitrate  (1.7 
pounds) . 


Magnesium  chlorid  (1.1 
pounds). 


Nitric  acid  (678  cc). 


Water  (25  gallons). 


Magnesium    nitrate    (1.7 
pounds). 


Magnesium   ch  lorid   ( 1 . 1 
pounds). 


Nitric  acid  (678  cc). 
Ammonia\vater(i,4Qocc), 


Water  (25  gallons) . 
Control . 


Stage  3  (milk  stage). 


Ammonium  nitrate   (0.94 

pound ). 
Water  (25  gallons). 


Potassium    sulphate     (2 
pounds). 


Sodium        chlorid        (1.4 
pounds). 


Calcium       chlorid        (1.3 
pounds). 


Hydrochloric     acid     (887 
cc). 


Potassium      sulphate      (a 
pounds). 


Magnesium     nitrate     (1.7 
pounds). 


Magnesium    chlorid    (1.1 
pounds). 


Nitric  acid  (678  cc). 

Ammonia  water  (1,490  cc.) 
Water  (25  gallons). 


The  applications  of  the  various  chemicals  were  calculated  at  the  rate  of 
320  pounds  of  sodium  nitrate  to  the  acre.  The  nitrogen  carriers  were 
used  in  such  proportions  as  to  give  an  amount  of  nitrogen  to  the  acre 
equal  to  that  supplied  by  the  application  of  sodium  nitrate.  The  other 
elements  were  applied  in  such  proportions  as  to  give  amounts  to  the  acre 
equal  to  those  supplied  by  the  nitrogen  carriers.  The  acids  were  used  in 
amounts  which  were  chemical  equivalents  of  their  respective  neutral 
salts.  The  exact  quantities  of  the  chemicals  used  to  the  plot  are  shown 
in  the  foregoing  table.  The  chemicals  were  applied  in  solution  only,  and 
25  gallons  of  water  were  used  in  each  case.  The  experiment  was  con- 
ducted in  duplicate  (series  A  and  series  B).     An  average  of  the  results 
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of  the  two  series  was  not  taken,  as  the  purpose  of  the  work  was  to  demon- 
strate tendencies  rather  than  to  obtain  absolute  figures. 

The  plots  comprised  i  square  rod  each,  with  2-foot  alleys  between  them. 

PRINCIPLES   UNDERLYING    SELECTION    OF   CHEMICALS 

When  flinty  wheat  kernels  were  soaked  in  the  laboratory  in  a  slightly 
acid  solution  they  lost  their  brown  color,  and  when  yellow-berried  kernels 
were  soaked  in  a  slightly  alkaline  solution  they  acquired  the  brown  col- 
oiation  characteristic  of  flinty  grain.  This  suggested  the  idea  that  the 
;olor  characteristics  of  flinty  and  yellow-berried  grain  constitute  indica- 
tor reactions  with  alkalies  and  acids,  as  well  as  the  possibility  that  the 
elimination  of  yellow-berry  caused  by  the  application  of  sodium  nitrate 
v/as  due  to  the  residual  effect  of  the  sodium  base. 

The  nitrogen  carriers  used  in  this  experiment  were  accordingly  of 
two  distinct  groups:  Nitric  acid  and  its  salts  and  ammonia  and  its  salts. 
The  salts  of  the  nitric  acid  belong  to  the  physiologically  alkaline  group. 
Since  the  plants  use  the  nitrogen  of  the  acid  radicles  more  readily  than 
that  of  the  basic  elements,  residues  of  basic  radicles  are  left.  Following 
the  same  reasoning,  the  salts  of  ammonia  may  be  placed  in  the  physio- 
logically acid  group.  Ammonium  nitrate  is  a  physiologically  neutral 
salt.  Nitric  acid  would  have  the  status  of  a  nitrate,  since  it  attacks  the 
physiologically  neutral  salts  of  the  soil,  particularly  the  carbonates, 
thus  being  transformed  into  a  physiologically  alkaline  substance.  Am- 
monia, which  nitrifies  very  readily,  would  have  approximately  the  same 
status  as  nitric  acid.  The  status  of  potassium  nitrate  would  depend 
upon  the  rate  of  assimilation  of  potassium  and  nitrogen  by  the  plants, 
which  would  vary  with  soil  conditions.  If  these  two  elements  were 
assimilated  by  the  plants  at  the  same  rate,  the  status  of  potassium  nitrate 
would  be  that  of  a  physiologically  neutral  substance.  Should  these  two 
elements  be  assimilated  at  different  rates,  its  status  would  always  be  that 
of  a  physiologically  alkaline  substance.  Should  nitrogen  be  assimilated 
more  readily,  a  residue  of  basic  potassium  would  be  the  result.  On  the 
other  hand,  should  potassium  be  assimilated  more  readily,  the  residue 
would  be  nitric  acid  which,  as  just  explained,  would  act  as  a  physio- 
logically  alkaline   substance. 

The  same  principle  underlies  the  selection  of  the  other  chemicals.  It 
was  expected  that  the  acids  and  alkalies  would  produce  direct  effects 
of  alkalinity  and  acidity.  The  salts  of  potassium  were  counted  on  to 
produce  physiological  acidity.  The  physiologically  neutral  salts  were 
intended  to  serve  as  controls  with  reference  to  the  residual  acid  and  basic 
radicles  of  the  nitrogen  carriers. 

The  term  "residual  effect"  is  used  in  this  connection  to  signify  the 
possible  effect  of  residual  acid  or  basic  radicles  on  the  soil  reaction,  as 
well  as  their  effect  on  the  physiological  reaction  of  the  plant  tissues. 

FACTORS  WHICH  TENDED   TO  DISTURB   THE  REGULARITY  OF   RESULTS 

The  plots  were  laid  out  in  the  spring  just  before  the  first  application. 
Due  to  the  fact  that  the  wheat  in  Nebraska  in  that  year  suffered  heavily 
from  late  frosts,  it  was  impossible  to  obtain  uniform  plots.  The  part  of 
the  field  used  for  series  A  was  fairly  uniform,  and  the  plots  were  laid  out 
consecutively.  The  section  of  the  field  which  was  available  for  series  B 
was  entirely  lacking  in  uniformity.     An  attempt  was  made  to  select  fairly 
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uniform  plots  for  the  three  applications  of  each  chemical  and  also  for 
certain  groups  of  chemicals.  The  more  uniform  plots  were  assigned  to 
the  nitrogen  carriers.  Consequently,  the  control  plots  were  not  true 
representatives  of  normal  conditions.  Deviations  from  the  controls 
were  not  necessarily  due  to  the  treatments  in  the  case  of  the  tendencies 
which  were  not  sharply  defined  but  which  might  have  been  detected 
under  normal  conditions. 

Another  element  of  disturbance  affecting  the  regularity  of  the  results 
was  introduced  by  the  fact  that  there  was  no  uniform  transition  from  one 
stage  to  another.  When  most  of  the  plants  on  the  plots  were  headed  out 
some  had  not  yet  reached  that  stage.  The  same  thing  occurred  during 
the  transition  from  the  second  to  the  third  stage. 

Moreover,  a  heavy  rainfall,  coming  just  as  the  treatment  of  one  series 
was  finished,  interfered  with  the  second  stage  application.  Part  of  the 
chemicals  applied  to  that  series  were  thus  probably  washed  out.  The 
other  series  had  to  be  treated  when  the  soil  was  completely  saturated. 
As  a  result,  a  portion  of  the  chemicals  which  were  applied  in  solution  ran 
off  from  some  of  the  plots.  This  probably  accounts  for  part  of  the  irregu- 
larities which  will  be  found  in  the  tables. 

With  all  these  disturbing  factors,  however,  the  principal  tendencies 
resulting  from  the  application  of  the  various  nitrogen  carriers  were  not 
obscured,  due  probably  to  the  fact  that  of  the  114  plots  of  the  experiment 
54  received  nitrogen.  The  remaining  60  plots  served  as  controls  with 
reference  to  the  effects  of  this  element.  Similarly,  the  plots  which  re- 
ceived the  nitrogen  in  the  third  stage  frequently  served  as  controls  for 
the  plots  of  the  other  two  stages  of  the  groups. 

Table  I. — Total  yield  and  percentage  of  grain  from  plots  to  which  chemicals  were  applied 

at  various  stages  of  growth 


Series  B. 


Chemicals  applied. 


Sodium  nitrate- 
Potassium  chlorid 
Calcium  nitrate 
Ammonium  sulphate 
Sodium  hydroxid 
Potassium  nitrate 
Sulphuric  acid 
Ammonium  chlorid 
Potassium  hydroxid 
Ammonium  nitrate 

Water 

Control 
Sodium  chlorid 
Calcium  chlorid 
Hydrochloric  acid 
Potassium  sulphate 
Magnesium  nitrate 
Magne.-ium  chlorid 
Nitric  acid 
Ammonia 

Water 

Control 


6o 
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Table  II. — Percentage  of  yellow-berry  in  wheat  from  plots  to  which  chemicals  were  applied 

at  three  stages  of  growth 


Chemicals  applied. 


Series  A. 


Sodium  nitrate 

Potassium  ehlorid. . . . 

Calcium  nitrate 

Ammonium  sulphate. 
Sedium  hydioxid.  .  . . 

Potassium  nitrate 

Sulphuric  acid 

Ammonium  ehlorid .  . 
Potassium  hydroxid. . 
Ammonium  nitrate.  . 

Water 

Control 

Sodium  ehlorid 

Calcium  ehlorid 

Hydrochloric  acid. . . . 
Potassium  sulphate. . 
Magnesium  nitrate. . . . 
Magnesium  ehlorid. . . 

Nitric  acid 

Ammonia 

Water 

Control 


Stage  i. 


10. 

13. 

IS- 

21. 

14. 

32-3 

25-8 

26.  8 

12.4 


31-  2 
31- S 
19.  2 
33-2 
2S-3 
34-8 
12.  1 


Stage  2. 


r.  9 
24-3 

3-  2 

3-o 
21.4 

2.7 
28.8 

4-5 
24-3 

3-  I 
24.4 
22.  2 

30.  2 
31-  5 
26.  1 

31.  > 
9-5 

28.4 

4.2 

1.  o 

34-  1 

25.  o 


Stage  3. 


19.4 
41-3 
15.0 
33-6 
21.8 
12.  6 
42.  7 
31-  7 
20.8 
II.  7 


34-6 
24.0 
32.4 
24.8 
22.  1 
33- o 
14.7 
IS- 3 


.Series  B. 


I 
Stage  1.   I  Stage  2.  j  Stage  3. 


7.  2 
21.  S 

9-  7 

5-7 
15- 9 

4-9 

21.  9 

10.  6 
9-9 

4-  1 


18. 

S 

12. 

1 

8. 

1 

13- 

3 

10. 

3 

11. 

3 

3- 

7 

5-  1 

26.  2 
5-2 
1.8 

23-4 
2.  2 

29.  1 
4-4 
8.3 
3-  1 

16.5 

TO.   2 

9-9 

12.  O 

5- 5 
IS- 8 

S-6 
14.4 

1.8 

o.  3 
17.0 

8-5 


17.  7 
20.  o 

22.  6 
IS- 

13- 

IS- 
14. 

14. 

17- 

4- 


IS-  o 
12.  6 
10.  7 
IS- 2 
13-7 
20.  I 

8.9 
12.  9 


Table  III. — Weight  per  bushel  and  weight  per  1,000  kernels  of  wheat  from  plots  to  which 
chemicals  were  applied  at  three  stages  of  growth 


Chemicals  applied. 


Sodium  nitrate 

Potassium  ehlorid 

Calcium  nitrate 

Ammonium  sulphate. 
Sodium  hydroxid 

Potassium  nitrate. 

Sulphuric  acid 

Ammonium  ehlorid . . 
Potassium  hydroxid  . 
Ammonium  nitrate.  . 

Water 

Control 

Sodium  ehlorid 

Calcium  ehlorid 

Hydrochloric  acid. . .  . 
Potassium  sulphate .  . 
Magnesium  nitrate . . . 
Magnesium  ehlorid. . . 

Nitric  acid 

Ammonia 

Water 

Control 


,  Series  A. 


Weight  per 
bushel. 


Stage 
1. 


Lbs. 
59- 8 
60.  1 
S9-o 
60.  1 
60.8 

60.  s 

61.  1 
60.6 
61.  S 

60.8 


60.8 

61.  9 
61.  I 
61.  9 
61.  I 
61.  S 
60.  s 


Stage 
2. 


Lbs. 
60. 1 
60.  4 
59-8 
60.  5 

61.5 

60.  s 

61.  I 
61.  I 
61.  9 
61.  I 
61.  I 
61.  s 

60.8 

61.  9 
61.  9 

61.  S 
61.  9 
61.  9 
61.  s 

61. 1 
60.5 

61.  4 


Stage 
3- 


Lbs. 
60.  s 

60.  s 

61. 1 


Weight  per  1,000 
kernels. 


Stage 
1. 


Gm. 
26.8 
29.  2 
27-3 


59.  8  1  26.  6 

60.  8  j  28.  4 
60.8  1 

60.  s 

61.  1 
61.  1  j 

62.6  ! 


28.6 
28.6 
28.3 
28.  2 

27. 


Stage 
2. 


61. 1 
61. 1 
61.  9 
61.  9 
61.  9 
60.8 
61.5 
61.  9 


Gm. 

28.8 
29.  7 
27.9 
28.  1 
28.  7 
29. 1 
28.6 
28.3 
28.3 

28.  s 
28.3 
27-3 
27.  1 
29-3 

29.  7 
27-3 
28.6 
29-3 

27.  1 
3°-  1 

28.  7 
28.0 


Stage 
3- 


Gm. 
30.0 

3i-9 
30.  o 
29.  7 
28.2 
29.  2 
27- S 
27.7 

29.  o 

30.  7 


27. 

I   1 

29. 

3 

29. 

7 

27. 

3 

28. 

6 

29. 

3 

27. 

1 

3°- 

1 

27.8 
28.6 

27.  2 

29-3 

28. 1 

29.  o 

27.8 
30. 1 


Series  B. 


Weight  per 
bushel. 


Weight  per  1,000 
kernels. 


Stage  Stage;  Stage 
1.  2.     ;     3. 


Lbs. 

S9-i 
60.8 
60.  5 
60.  5 
60.8 
60.  s 
61.2 

60.  2 

61.  9 
60.5 


Lbs. 

60.  s 

61.  2 

60.  s 
60.8 
60.8 
60.5 

61.  2 
58.6 
61.  2 
60.5 
61.  9 
61.  2 
61.  2 
63.  2 
61.  9 
61.  9 
60.8 
61.  2 
60.8 
60.  s 

61.5 
61.2 


2 

6l.  2    1 

9 

63.  2    j 

S 

61.  9  - 

2 

61.9 

5 

60.8 

S 

61.2  ' 

■! 

60.8  ; 

60.  S 

Lbs. 

60.  5 

61.  2 
61.  s 

60.  s 

61.  2 

61.  9 

60.  2 

61.  9 
61.  2 
61.  2 


61.  9 

61.  S 

60.  5 

I  61.5 

61.  9 

62.  9 

61.  9 

62.  2 


Stage  Stage!  Stage 
1.  2.     ,     3. 


Gm. 

2S-8 

1 

4 

0 
6 

o 

S 
2 

j 


27.  6 


Gm. 

28.  7 
28.9 
27.9 
28.3 

29.  2 
27.  s 
28.6 
27.4 
28.9 

26.  4 
29.  7 

27.  6 


29.  I 

28.6 

28.  s 

29.  7 

29.  2 

30.  1 

29- 3 

29.  2 

28.  s 

28.2 

28.7 

29- S 

25- 9 

28.7 

29-3 

28.  7 
28.5 


Gm. 
28.6 
29. 1 
30.  6 

30.  s 
28.2 
28.  1 
28.0 

27.  6 
28.0 

28.  7 


28.4 

29- S 
29.  1 

29.  2 
28.1 

30.  1 
30.  1 
30.  S 
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Table  IV. — Correlation  between  protein  content  and  weight  per  bushel  and  weight  per 

1,000  kernels  of  wheat 


Place  of  growth. 


Kansas 

Do 

Do 

Do 

Calif  oiTiia 

Do 

Do 

Do 

South  Dakota . 

Do 

Do 

Do 


Variety. 


Year. 


Protein 
content. 


Per 


Crimean .  . 

do.... 

do... 

....do.... 

Kubanka. 

do.... 

do.... 

....do.... 

....do.... 

...do.... 

...do... 

....do.... 


1907 
1907 
1908 
1908 
1907 
1907 
1908 
1908 
1907 
1907 
1908 
1908 


cent. 
22.  2 
22.  2 
14.8 
14.  7 
9-  I 
9-9 
13.  2 
14.7 

13- 9 
12.  9 
16.6 
16.5 


Weight 
per  1,000 
kernels. 


Gin. 
21.3 
20.  5 
28.4 
28.8 
39-  1 
41.4 
36.3 
44.8 
37-9 
39-4 
24-9 
29.8 


Weight 

per 
bushel. 


Pounds. 
Si- 3 
Si- 3 
58.1 
58.2 
61.5 
62.  o 
59-4 

6l.  2 
63.O 
03-7 
57-8 
60.  2 


Table  V. — Percentage  of  protein  and   phosphoric  acid  in  grain  from   plots    to  ivhich 
chemicals  were  applied  at  three  stages  of  growth 


Chemicals  applied. 


Series  A. 


Series  B. 


Protein 
(NX5.7). 


Stage 


Sodium  nitrate 14.  1 

Potassium  chlorid 13.  2 

Calcium  nitrate 

Ammonium  sulphate 13.  5 

Sodium  hydroxid 12.  3 

Potassium  nitrate 13.  2 

Sulphuric  acid 12. 4 

Ammonium  chlorid 12.  4 

Potassium  hydroxid 12.  4 

Ammonium  nitrate 13.  8 

Water 

Control 

Sodium  chlorid 12.  9 

Calcium  chlorid 12.  5 

Hydrochloric  acid j  13.  o 

Potassium  sulphate j  12.  5 

Marnesium  nitrate 13.  o 


Magnesium  chlorid. 
Nitric  acid .  . . 
Ammonia 

Water. . 

Control . 


12.  9 
13.7 


Stage!  Stage 
2.  3. 


14.7 
13-  i 
14.4 
14- S 
12.4 
14.  7 
12.  S 
13- 9 
12.  7 
13-  2 
12.  2 
12.  S 
13- o 
12.  7 
12.8 
12.4 
14.  2 
13.2 
IS- 4 
IS- 9 
12.  S 
12.  6 


13- 

0 

12. 

7 

12. 

8 

12. 

4 

14 

2 

13- 

2 

IS- 

4 

IS- 

9 

IS- 3 
12.  6 
14.  2 
12.8 
12.8 

14- S 
12.3 
13.0 
13-2 
14.8 


12.  s 
12.  9 

12-5 

13.0 
14. 1 

12.  9 
14.  6 
13-7 


Phosphoric  acid 

(P2Oo). 


Protein 

(NXs-7). 


Phosphoric  acid 

.   (P»Oa). 


Stage 

Stage 

1. 

2. 

1.  04 

I.03 

i- IS 

I.  24 

1.  00 

I.  IO 

1.  00 

i.  os 

i.  13 

1.  05 

1.  02 

.98 

1. 12 

1.  14 

.98 

1.  04 

1.  20 

1.  18 

i.  IS 

1.  09 

Stage;  Stage 
3- 


1. 18 
1. 02 

i-  IS 
1.  14 
1.  18 
1.  12 
1.  21 
1.  16 
1.  18 
i-  IS 


1. 17 


15-9 
13.6 

14- S 
14-4 
13-4 
iS-o 

13.  2 

14.  o 
13-3 
13-8 


Stage  Stage!  Stage 


16.6 
13-2 
IS- 9 
IS- 6 

13-3 
16.  9 

13-2 

14.4 
13-3 
16.6 
13-2 


1. 18 

13-3 

1. 14 

I.  20 

I.  20 

13-3 

13-3 

1. 16 

1. 19 

1. 18 

13-4 

13-7 

1. 18 

1. 18 

I-  IS 

13- S 

13-3  | 

I-  IS 

1. 19 

I.  21 

13-8 

13- 0 

I.  04 

1. 03 

I.  17 

13-3 

14.4 

LIS 

1. 18 

I.  14 

13.8 

13.6  [ 

.98 

.98 

I.  06 

IS- 2 

16.7  : 

I.  20 

I.  20 

16.  3 

I.  II 

12.  9 

I.  10 

13-6 

14.8 

13-3 
14-3 
14.  o 
13- I 
13- S 
12.  9 

13-7 
13- O 
14.0 


13-3 
13-  2 
13-  2 
13-5 
13-9 
13-2 
14-4 
14-3 


0.84 
I.  16 

-92 

.81 
I.  17 

.87 
I-  13 
I- OS 
1.  14 

•99 


Stage 


1. 16 

I- 13 

1. 14 

1.  16 

I- IS 

i- 13 

I- IS 

1.  09 

1.  os 

•99 

1.08 

I.  12 

■94 

•97 

I.  07 

0.99 
1. 14 
I- 03 

•  98 

1. 10 
I.  II 

1. 14 

I.  07 

1. 19 

I.  06 

I- 13 
1. 19 
13 

16 

13 
09 

99 
12 
97 
07 
1.  11 
1.  12 


Stage 
3- 


1.03 

i- IS 
1.07 
1. 07 
1.  14 
i-  13 
1. 16 
1.  12 
i- 13 
i-  17 


I- IS 

1. 17 

I.  20 

1. 16 

1.08 
I.  II 
1.  10 

1.  06 
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Table  VI.— Percentage  of  protein  and  phosphoric  acid  and  straw  from  plots  to  which 
chemicals  were  applied  at  three  stages  of  growth 


Chemicals  applied. 


Sodium  nitrate. 

Potassium  chlorid 

rr.!~idiii  nitrate 

Ammonium  sulphate  . 
Sodium  hydroxid .... 

Potassium  nitrate 

Sulphuric  acid ........ 

Ammonium  chlorid . . 
Potassium  hydroxid  . 
Ammonium  nitrate .  . 

Water 

Control 

Sodivim  chlorid 

Calcium  chlorid 

Hydrochloric  acid 

Potassium  sulphate . . 
Magnesium  nitrate 
Magnesium  chlorid  — 

Nitric  acid 

Ammonia 

Water 

Control 


Series  A. 


Protein 

(NX6.25). 


Stage 
i. 


3-27 
2.  si 

2.  91 
3-58 

3-54 
3-  06 
2.  72 

3-39 

2.  72 

2.  92 


Stage 
2. 


2.  42 

2.  62 

2.49 

2.  01 

2.89 

2-49 

2.  63 

2.83 

2.83 

3-31 

2.48 

2.47 

3- 02 

4-55 

3-99 

45 
84 

78 

92 
20 

06 

61 

2.  Si 

3.65 

2.  SO 
2.  71 
2.  62 
2.  OI 
2.49 
2.83 
3.31 
2.47 

4-55 
3-99 
2.82 
2.83 


Stage 
3- 


2.84 
2.49 

3- 09 


.26 

3-35 
3- Si 
3-21 
2-93 
2.66 
3-99 


2.68 
2.48 
2-7S 
2-49 
2.81 
2.  S5 
3.36 
3- 03 


Phosphoric  acid 
(P2O0). 


Stage 
1. 


o.  18 
•  23 
■  15 


•  29 
.  20 

•  23 
.  20 

•  23 
■  17 


Stage 
2. 


o.  17 
•  24 
.  20 


.Stage 
3- 


o.  19 
•  19 

•2S 


Series  B. 


Protein 

(NX6.25). 


Phosphoric  acid 
(P2O5). 


Stage 
1. 


.  21 

.  20 

•  19 

.  21 

.  21 

.  21 

.  20 

•25 

.16 

•  17 

.  21 

.  22 

•  15 

.  20 

.  20 

.26 

.  21 
.26 
.  20 
.  22 
•19 
19 
.»! 
2C 
21 
2J 
»■ 

'; 
2: 

2C 

-'C 
24 
22 


27 
.  21 
•32 
•23 

•  23 

•  19 


21 
21 
19 
26 


3-98 

3-45 
3-99 
3-  12 
3-  12 


Stage 


2.68 
3- °4 
2.97 

2-  63 

3-  12 

2.  65 

3- 60 


4.  06 
3-  26 
4-41 
3- 59 
2-77 
4.07 

2.  64 

3-  S9 
3-  25 
4-43 
2.SI 
2.  63 
2.85 

2.  76 

2.86 

2.  64 
3-45 

3- 03 

3-47 


Stage  Stage 
3-    1. 


2.86 
2.  63 
3-04 
2.86 
2.84 

3-32 
3-25 


O.  12 
•  24 
.16 
.  12 
.24 
.18 
■  25 
.  18 
.  22 
.16 


•23 

•  24 
•23 
.  16 

•  19 
.16 

•  17 


Stage 


o.  15 

•  25 
.  20 

•  15 
.  21 
.19 
.19 
.18 
.  22 
.  20 

•  14 
.  22 
.  21 
.18 
.18 

•  19 
.  16 
.  20 
.  20 
.18 
■  23 
•25 


Stage 
3- 


0.17 
.24 
.  21 
.24 
.  30 
.  20 
•  19 
.  20 
.  21 
.  21 


.  22 
.  20 
.26 
•25 

•  17 

•  24 

.  21 
•  23 


TablR  VII. — Lack  of  correlation  between  nitrogen  and  phosphoric  acid  content  of  wheat 
grown  in  Arlington  on  plots  to  7vhich  various  chemicals  were  applied 


Chemicals  applied. 

Stage  of 
growth. 

Phos- 
Protein        phoric 
(NXs-7)-         acid 
(P2O6). 

Chemicals  applied. 

Stage  of 
growth. 

Protein 

(NXs-7). 

Phos- 
phoric 

acid 
(P2O5). 

Sodium  nitrate 

Potassium  nitrate. . 

Ammonium  chlorid 

Ammonium  nitrate 

Do 

2 
1 
1 
1 

2 

Per  cent. 
16.  4 
17.0 
17. 1 
16.  4 
16.  9 

Per  cent. 
1.02 
1. 01 
1.  00 
1.03 
1.  02 

Magnesium  sulphate 

Potassium  chlorid . . 

Do 

3 
3 

Per  cent. 
ii.  3 
II- 45 

10.  9 
n.  7 

11.  2 

Per  cent. 
0.98 
i.  °3 
1.  00 

Calcium  chlorid .... 
Potassium  sulphate 

3 

I 

1.  01 
1.  03 

Table  VIII. — Percentage  of  ash  and  silica  in  straw  from  plots  to  which  chemicals  were 

applied  at  three  stages  of  growth 


Series  A. 

Series  B. 

(    vniicals  applied. 

Ash. 

Silica. 

Ash. 

Silica. 

Stage 
1. 

Stage 
2. 

Stage 
3- 

Stage 
1. 

Stage 
2. 

Stage 
3- 

Stage 
1. 

Stage 
2. 

Stage 
3- 

Stage 
1. 

Stage 
2. 

Stage 
3- 

Sodium  nitrate 

11.  0 
13-  1 

10.  0 
9.42 
12.5 
11. 1 
13- 0 

11.  I 
14.  0 
10.  7 

12.3 

12-5 

12.  1 
12.3 
10.  0 
12.8 
10.3 

ii- 3 
12.  0 
11.  8 

9.  60 
12.8 
11.  8 
137 

11.  1 
12. 1 

12.  6 
12.  7 
12.  1 

11.  4 

12.  1 
11.  6 

12-3 

11.  7 

12-3 

10.  9 
13-  1 

11.  9 

12.  I 

14.  0 
11.  7 
12.8 
ii- 3 

13-2 
11.  8 
13-6 
12.8 
12.3 

11.  6 

12.  6 
12.8 

11.  6 
13-4 

12.  I 
13-2 
10.8 
12.4 

8.  1 

10.  7 
5-8 
5-5 
8.9 
8.1 
9.9 

7-9 

11.  0 

7-3 

9-  1 
9.4 

9.  2 
9-3 
7.6 
9.8 
7.0 

8.0 
9.0 
7-3 
5-6 
9.6 

7-9 
10.  6 
7.8 
9-2 
9-3 
9-  7 
9.0 
8.6 
9.2 
8.9 
9.2 
8-5 
9.  2 
7-4 
9-  7 
8.9 
9.  1 

10.8 
9-3 
9.0 

8.0 
10.  2 
8.3 
10.  6 
9.9 
9.  2 
8.  1 

9-3 
10.  4 

8.8 
10.3 

9.0 
10.  1 

7-5 

8.9 

11.  2 

12.  2 
11. 0 
11.  1 
14-3 

11.  9 

12.  2 
II.  0 

11.  8 

10.  6 

12.  6 
12.  9 
12.  2 
13-3 

11.  9 

12.  0 
10.3 

11. 9 

12.  0 
11. 1 
11.  2 

12.5 
12.3 
13-3 
10.8 
H-3 

10.  7 

11.  4 

12.  O 

13-  7 
12.  0 
12.  9 
12.8 
12.8 
13-  2 

II.  2 

11.  8 

12.  O 

12.  I 

12.  2 
if.  9 

11.  7 

ii- 5 
12.8 
11.  9 

11.  2 

12.  2 
10.8 

13.  0 

11.  9 
12.4 
14-3 
13-5 
13.2 
12.3 
11.  6 
11.  8 

6.1 
8.8 
6-7 

7- '2 
10.  5 

8.  1 
9.0 
7-5 
8.6 
7-3 

9.  2 

9-7 
9.0 
9.2 
8.8 
9.0 
6.8 

7-3 
8.8 

6-S 
7.0 

8.9 

7.2 

10.  0 

7-9 

8.3 

7-2 

8.0 

8.7 

10.3 

9.0 

9-5 
9.8 

9-7 
10.  0 
7-9 
7.8 
8-7 
9  1 

8.6 

8.6 

8.4 

Sodium  hydroxid 

8.3 
9-3 

Potassium  nitrate 

8-5 

Sulphuric  acid 

7.8 

Potassium  hvdroxid 

Water 

9.0 
7-9 
9  7 

Control 

Sodium  chlorid 

8  S 

Calcium  chlorid 

10.  1 

Hydrochloric  acid 

10.  9 

Magnesium  nitrate 

10.3 
9-8 

Magnesium  chlorid 

9.6 

8.7 

8.3 

Water 

Control 
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RESULTS  OF  EXPERIMENTAL  WORK 
TOTAL   YIELD   AND    PERCENTAGE   OF    GRAIN 

The  total  yield  represents  the  weights  of  the  crops  obtained  immedi- 
ately after  they  were  harvested.  The  crops  were  harvested  when  fully 
ripe  and  after  a  continued  dry  period.  The  percentages  of  grain  were 
determined  in  the  samples,  ranging  from  1%  pounds  to  2  pounds  in  weight, 
brought  to  Washington. 

As  seen  from  Table  I,  the  plots  which  had  received  nitrogen  in  any  form 
in  the  first  stage  gave  distinctly  higher  yields,  both  as  compared  with  the 
plots  which  had  received  no  nitrogen  and  as  compared  with  those  which 
had  received  it  in  the  other  two  stages.  The  application  of  the  first 
stage  was  made  later  in  the  season  than  had  been  planned,  and  subse- 
quent experiments  have  shown  that  the  effectiveness  of  nitrogen  with 
respect  to  increased  yields  diminishes  as  the  season  advances  toward  the 
completion  of  the  vegetative  stage.5  On  the  other  hand,  as  a  result  of 
the  lack  of  uniformity  in  transition  from  stage  to  stage,  at  the  time  of 
the  second-stage  application  part  of  the  crops  on  each  plot  were  still  in 
the  first  stage.  This  probably  accounts  for  the  fact  that  the  plots  which 
had  received  their  nitrogen  in  the  second  stage  as  a  rule  gave  higher 
results  than  those  which  received  it  in  the  third  stage. 

The  percentages  of  grain  in  the  crops  (Table  I)  were  somewhat  lower 
on  the.  plots  which  had  received  nitrogen  in  the  first  stage  than  on  the 
others.  However,  the  lower  range  in  the  percentages  of  grain  would 
not  materially  alter  the  grain  relationship  of  the  crops.  The  figures  rep- 
resenting the  total  yields,  therefore,  are  expressive  of  the  relative  yields 
of  grain  as  well. 

PERCENTAGE   OF  YELLOW-BERRY 

The  result  of  the  lack  of  original  uniformity  in  the  plots,  especially 
in  those  of  series  B,  is  most  evident  in  the  yellow-berry  figures.  Never- 
theless, the  fundamental  principle  that  the  application  of  nitrogen  at 
the  second  stage  is  most  effective  in  preventing  yellow-berry  was  borne 
out  very  consistently.  The  percentage  of  yellow-berry  is  the  lowest  on 
the  plots  which  received  their  nitrogen  at  the  second  stage.  A  marked 
decrease  in  yellow-berry  is  also  shown  by  the  crops  which  received  their 
nitrogen  in  the  first  stage.  This  probably  is  due  to  the  fact  that  the 
crops  did  not  respond  fully  in  yield  because  of  a  late  application,  and 
part  of  the  nitrogen,  applied  at  this  stage  and  not  utilized,  remained  in 
the  soil  during  the  second  stage. 

In  some  cases  a  somewhat  decreased  percentage  of  yellow-berry  is 
shown  by  the  crops  which  received  their  nitrogen  in  the  third  stage. 
This  probably  is  due  to  the  lack  of  uniformity  in  transition  from  one 
stage  to  another.  At  the  time  when  most  of  the  heads  were  in  the  milk 
stage,  some  of  them  had  not  yet  reached  this  stage. 

No  conclusion  can  be  drawn  as  to  the  effects  of  the  direct  and  residual 
physiological  acids  and  alkalies  and  their  neutral  salts,  owing  to  the 
general  lack  of  uniformity  in  the  plots,  which  resulted  in  a  too  wide 
range  of  normal  variation  as  indicated  by  control  plots  in  both  series, 
but  especially  in  series  B.     Taking  into  consideration  the  fact  that  the 

'•>  Davidson,  Jehiel.    the  effect  of  nitrates  applied  at  different  stages  of  growth  on  the 
yield,  composition,  and  qualitv  OF  wheat.     In  Jour.  Airier.  Soc.  Affron.,  v.  14,  no.  4,  P-  118-122.    1922 
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effect  of  nitrogen  in  preventing  yellow-berry  was  shown  clearly  in  spite 
of  all  the  disturbing  factors,  one  would  be  justified  in  assuming  that  the 
effect  of  these  chemical  groups  was  inconsiderable,  if  any.  This  would 
seem  to  settle  the  practical  question  as  to  the  possibility  of  preventing 
the  characteristic  coloration  of  the  grain  associated  with  yellow-berry 
by  means  other  than  nitrogen.  However,  the  theoretical  question  as  to 
the  nature  of  the  coloration  of  flinty  grain  and  of  that  affected  with 
yellow-berry  remains  unsettled.  It  is  still  possible  that  the  coloration 
is  an  indicator  reaction  in  response  to  physiological  alkalinity  and  acidity. 
All  the  ammonium  salts  probably  underwent  nitrification  before  they 
were  assimilated  by  the  plants.  Their  effect,  therefore,  would  be  the 
same  as  that  of  nitrates.  It  is  possible  also  that  the  brown  color  of  the 
flinty  kernels  is  caused  by  the  action  of  the  alkaline  amino  groups  which 
might  increase  with  the  general  increase  in  the  nitrogen  content  on  the 
hypothetical  natural  indicator  present  in  the  hull. 

WEIGHT   PER    BUSHEL    AND   WEIGHT   PER    1 ,000   KERNELS 

No  correlation  can  be  observed  between  the  different  treatments, 
which  resulted  in  different  nitrogen  contents,  and  the  weight  per  bushel 
and  the  weight  per  1,000  kernels  (Table  III).  Taking  the  plots  in  groups 
of  three  for  each  of  the  nitrogen  carriers,  it  would  seem  that  those  which 
had  received  their  nitrogen  in  the  first  stage  gave  a  somewhat  lower 
weight  per  1,000  kernels  than  those  which  had  received  it  in  the  second 
and  the  third  stages.  The  first  stage,  however,  is  not  the  one  which  gave 
the  highest  protein  contents.  These  results,  as  well  as  those  obtained  in 
Kentucky,6  fail  to  disclose  any  direct  relation  between  the  protein 
content  and  the  weight  per  bushel  and,  especially,  the  weight  per  1,000 
kernels.  Cases  are  on  record,  however,  in  which  such  a  correlation  has 
been  reported.  Table  IV,  compiled  from  data  reported  in  Bulletin  128 
of  the  Bureau  of  Chemistry,  United  States  Department  of  Agriculture,7 
will  serve  as  an  illustration.  This  table  shows  a  reverse  correlation 
between  the  nitrogen  content  and  the  weight  per  1,000  kernels  and  weight 
per  bushel  for  Kansas  and  South  Dakota,  but  no  correlation  for  Cali- 
fornia, as  was  the  case  in  the  experiments  here  reported. 

What  is  the  explanation  of  these  seemingly  contradictory  results? 
Within  the  limits  of  the  bureau's  experiments,  it  has  been  established 
that  the  presence  of  nitrogen  at  the  time  of  heading  is  conducive  to  a 
high  nitrogen  content.  The  conditions  of  these  experiments  would 
suggest  the  distinction  between  a  physical  and  physiological  abundance 
of  available  nitrogen  in  the  soil.  The  term  "physiological  abundance" 
is  used  to  signify  a  condition  in  which  the  crop,  being  depressed  in  its 
development,  is  kept  from  drawing  upon  the  store  of  available  nitrogen 
in  the  soil  to  the  full  normal  extent.  Any  environmental  conditions 
which  depress  the  normal  development  of  the  crop  cause  a  physiological 
abundance  of  available  nitrogen.  Under  such  circumstances,  the  factors 
which  are  responsible  for  the  abundance  of  available  nitrogen  are  re- 
sponsible also  for  the  subnormal  development  of  the  grain.  Hence,  the 
coincidence  of  a  high  protein  content  and  a  low  weight  per  1,000  kernels 
and  a  low  weight  per  bushel.     In  these  experiments,  the  abundance  of 

«  Davidson,  J.,  and  LeClERc,  J.  A.    op.  cit. 

'  LECLERC,  J.    A.      TRl-LOCAL  EXPERIMENTS  ON  THE  INFLUENCE  OF  ENVIRONMENT  ON  THE  COMPOSITION 
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available  nitrogen  at  the  time  of  heading  was  distinctly  physical,  which 
may  be  the  reason  why  no  such  correlation  was  found.  It  would  seem, 
therefore,  that  there  is  no  direct  correlation  between  the  protein  content 
and  the  weight  per  1 ,000  kernels  and  the  weight  per  bushel  of  wheat. 

PROTEIN   CONTENT  8 

The  results  reported  in  Table  V  show  that  the  application  of  nitrogen 
at  the  second  stage  gave  the  highest  nitrogen  contents.  Although  series 
A  proved  to  be  somewhat  irregular,  of  the  nine  nitrogen  carriers  used 
six  were  consistent  with  the  general  tendency.  Series  B  was  wholly 
consistent.  The  irregularities,  as  well  as  the  fact  that  increased  nitrogen 
contents  were  obtained  from  the  first  and  third  application,  can  be 
explained  in  the  same  way  as  the  irregularities  with  reference  to  yellow- 
berry.  The  increased  nitrogen  content,  which  resulted  from  the  first 
stage  application,  was  due  to  the  fact  that  not  all  the  nitrogen  was  used 
up  during  the  first  stage.  The  increased  nitrogen  content  resulting  from 
the  third  stage  application  can  be  explained  by  the  lack  of  uniformity  in 
transition  from  one  stage  to  another,  already  discussed.  The  same 
causes  are  responsible  for  the  fact  that  the  increases  in  nitrogen  obtained 
from  second  stage  applications  are  not  as  sharp  as  they  were  in  the 
bureau's  previous  experiment.9  While  the  first  application  showed  an 
increase  in  nitrogen,  due  to  the  fact  that  not  all  the  applied  nitrogen  had 
been  utilized  during  the  first  stage,  the  nitrogen  content  from  the  plots 
which  received  their  nitrogen  at  the  second  stage  did  not  reach  its  proper 
height,  for  the  reason  that  part  of  the  nitrogen  of  this  application  was 
utilized  in  making  vegetative  growth  as  was  shown  by  the  increased 
yields  from  these  plots. 

The  nitrogen  content  of  the  straw  (Table  VI)  shows  the  same  tenden- 
cies as  that  of  the  grain. 

PHOSPHORIC-ACID  CONTENT 

Headden10  found  that  the  application  of  sodium  nitrate  to  wheat 
plots  caused  a  depression  in  the  phosphoric-acid  content  of  the  grain. 
In  the  bureau's  previous  experiment,11  where  sodium  nitrate  had  been 
applied  on  a  number  of  plots  at  the  three  stages  of  growth,  no  correla- 
tion between  the  application  of  nitrogen  and  the  phosphoric-acid  content 
was  disclosed.  In  the  present  experiment,  however,  a  correlation  is 
observed  between  the  application  of  nitrogen  and  the  phosphoric-acid 
content,  both  in  the  grain  and  in  the  straw.  As  seen  from  Table  V,  the 
phosphoric-acid  content  in  the  grain  from  the  plots  which  received  their 
nitrogen  in  the  first  and  second  stages  is  consistently  lower  than  that  in 
the  grain  from  the  plots  which  received  it  at  the  third  stage  and  the 
controls  which,  in  this  case,  may  include  all  the  plots  which  received 
chemicals  other  than  nitrogen  carriers.     The  only  exceptions  are  the 

8  It  is  understood  that  the  term  "protein"  represents  values  obtained  by  multiplying  the  nitrogen  con- 
tent, determined  in  the  regular  way,  by  certain  factors.  These  factors  vary  with  the  substance  analyzed. 
In  this  paper  the  factors  used  were  5.7  for  the  grain  and  6.25  for  the  straw.  It  has  been  the  general  practice 
in  agricultural  literature  to  express  the  nitrogen  values  in  terms  of  protein.  This  practice  has  been  estab- 
lished because  of  the  fact  that  the  main  bulk  of  the  nitrogen  in  mature  plant  substance  is  protein  in  charac- 
ter and  because  of  the  accepted  food  value  associated  with  proteins. 

»  Davidson,  J.,  and  LeClErc,  J.  A.    op.  cit. 

10  Headden,  W.  P.  a  study  of  Colorado  wheat,  part  hi.  Colo.  Agr.  Exp.  Sta.  Bui.  219,  1 31  p. 
1916. 
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ammonium-nitrate  plots  in  series  A  and  the  ammonia  plots  in  both 
series.  There  would  seem  to  be  a  tendency  toward  a  greater  depression 
in  the  plots  of  the  first  application.  This  tendency  shows  itself  more 
clearly  in  series  B. 

On  the  other  hand,  results  obtained  on  the  Arlington  Farm,  in  an  ex- 
periment carried  out  on  lines  similar  to  these,  again  failed  to  disclose  any 
correlation  between  the  application  of  nitrogen  and  the  phosphoric-acid 
content  (Table  VII). 

It  would  seem,  therefore,  that  there  are  conditions  under  which  the 
application  of  nitrogen  causes  a  depression  in  the  phosphoric-acid  content 
of  the  crop  and  that  under  other  conditions  the  application  of  this  element 
has  no  effect  on  the  phosphoric  acid  content.  What  factors  are  involved 
in  these  seemingly  contradictory  tendencies  ? 

Of  the  four  cases  cited  here  it  happens  that  the  two  (Colorado  and 
Nebraska),  which  show  a  correlation  between  the  application  of  nitrogen 
and  the  phosphoric-acid  content,  deal  with  hard  winter  wheats  and  the 
other  two  (Kentucky  and  Arlington  Farm) ,  which  show  no  such  correla- 
tion, deal  with  soft  winter  wheats.  This  would  suggest  the  possibility 
that  these  two  groups  react  differently  toward  an  abundance  of  available 
nitrogen.  The  underlying  principle  then  would  be,  in  the  case  of  the 
hard  winter  wheats,  some  interchange  between  phosphorus  and  nitrogen, 
based  on  the  similarity  of  their  functions.  The  depressed  phosphoric-acid 
content  would  be  directly  correlated  with  the  high  protein  content. 
This  assumption,  however,  does  not  seem  to  be  borne  out  by  the  results 
in  Table  V.  In  those  cases  where  the  third  application  of  nitrogen 
resulted  in  a  high  protein  content,  especially  in  series  A,  no  depression  in 
the  phosphoric-acid  content  can  be  observed. 

Another  possible  factor  accounting  for  the  different  effects  of  applied 
nitrogen  on  the  phosphoric-acid  content  is  the  supply  of  available  phos- 
phoric acid  in  the  soil.  It  may  be  assumed,  then,  that  when  the  supply 
of  available  phosphorus  is  limited  the  stimulation  of  growth,  caused  by 
the  application  of  nitrogen,  creates  a  physiological  scarcity  of  this  element. 
This  assumption  would  seem  to  be  borne  out,  in  a  general  way,  by  the 
results  here  obtained.  The  application  of  nitrogen  at  the  first  two 
stages  which  resulted  in  increased  yields  also  caused  a  depression  in  the 
phosphoric-acid  content.  There  is  also  an  apparent  tendency  toward  a 
greater  depression  resulting  from  the  first  application,  which  produced 
the  highest  yields.  This  assumption,  however,  would  not  seem  to  be 
borne  out  by  Headden's  results.  In  his  experiments  the  application  of 
sodium  nitrate  did  not  cause  an  appreciable  increase  in  yield,  if  any. 
Nevertheless,  it  produced  consistent  depressions  in  the  phosphoric-acid 
content. 

It  is  clear  that  under  certain  conditions  the  presence  of  nitrogen  inter- 
feres with  the  assimilation  of  phosphoric  acid  by  the  plant.  It  is  not 
unlikely  that  this  interference  is  indirect.  Under  certain  conditions  the 
nitrogen  may  be  instrumental,  through  its  action  on  the  soil  flora,  in 
transforming  the  available  phosphoric  acid  into  less  available  forms. 

The  phosphoric  acid  in  the  straw  follows  the  same  tendency  as  that  in 
the  grain  (Table  VI) . 

The  ash  and  potash  contents  of  the  grain  were  also  determined,  but  as 
the  results  failed  to  disclose  any  consistent  tendencies  they  are  not  given. 
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ASH    AND   SILICA   CONTENT   IN   THE   STRAW 

As  seen  from  Table  VIII,  the  application  of  nitrogen  at  the  first  and 
second  stages  caused  a  distinct  depression  in  the  ash  and  silica  content 
of  the  straw. 

A  depression  in  the  silica  content  of  the  straw,  caused  by  the  appli- 
cation of  sodium  nitrate,  was  also  observed  by  Headden.12  In  his  case 
the  depression  was  slight.  In  the  bureau's  experiments  the  difference 
between  the  first  two  stages  and  the  third  stage,  foi  each  nitrogen 
carrier,  was  always  more  than  1  per  cent.  The  third  stage  plots,  not 
being  affected  by  the  application  of  nitrogen  with  reference  to  the  silica 
content  of  the  straw,  may  be  considered  as  controls.  The  sharper 
differences  are  due  probably  to  the  exceptionally  high  silica  content  of 
the  straw  in  this  experiment.  Ammonia  is  the  exception.  It  did  not 
depress  the  silica  content  in  either  series.  Attention  is  called  to  the  fact 
that  the  same  chemical  also  failed  to  produce  a  depression  in  the  phos- 
phoric-acid content  of  the  grain.  The  relationship  between  the  phos- 
phoric-acid depression  and  the  depression  of  silica  in  the  straw  is  further 
accentuated  by  the  fact  that  ammonium  nitrate,  which  failed  to  depress 
the  phosphoric  acid  in  the  grain  from  the  second  stage  plot  in  series  A, 
also  failed  to  depress  the  silica  content  of  the  straw  from  the  same  plot. 
No  explanation  of  the  theoretical  principles  involved  in  depression  of 
silica  can  be  offered  at  present. 

As  to  the  bearing  of  this  depressed  silica  content  in  the  straw  on 
lodging,  frequently  caused  by  the  application  of  nitrogen,  it  is  hard  to 
draw  conclusions  from  the  present  experiment.  No  lodging  was  observed 
on  any  of  the  experimental  plots.  It  is  possible  that  as  the  silica  content 
of  the  straw  in  this  experiment  was  exceptionally  high,  even  the  depressed 
silica  content  was  sufficient  to  sustain  the  strength  of  the  stalk.  It  is 
probable  also  that  the  depressed  silica  content  is  only  one  of  the  factors 
which  cause  lodging,  or  it  may  be  no  factor  but  only  coincident  with  the 
real  factors  resulting  from  the  application  of  nitrogen,  which,  under 
certain  conditions,  cause  lodging  of  the  crop. 

SUMMARY 

(1)  The  application  of  nitrogen  in  any  of  the  inorganic  forms  used 
at  the  early  stages  of  growth  was  instrumental  in  producing  the  highest 
yields  of  wheat. 

(2)  The  application  of  nitrogen  in  any  of  the  inorganic  forms  used  at 
the  time  of  heading  was  instrumental  in  producing  the  best  quality  of 
grain  with  reference  to  "yellow-berry"  and  the  protein  content.  It  also 
produced  a  high  protein  content  in  the  straw. 

(3)  No  relation  between  the  nitrogen  content  and  the  weight  per  1 ,000 
kernels  and  weight  per  bushel  of  wheat  was  disclosed  in  this  experiment. 
The  apparent  disagreement  between  these  results  and  the  results  of  other 
experiments,  which  establish  a  relation  between  these  two  factors,  is 
explained  by  the  distinction  between  a  physical  abundance  and  a  phys- 
iological abundance  of  nitrogen  created  by  the  failure  of  the  crop  to 
develop  normally. 

(4)  No  differences  could  be  observed  in  the  effect  of  the  different 
forms  of  inorganic  nitrogen. 


11  Headden,  W.  P.    op.  cir. 
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(5)  No  effect  was  produced  by  the  chemicals,  other  than  the  nitrogen 
carriers,  on  the  yield  of  the  crop  or  on  the  quality  of  the  grain. 

(6)  The  application  of  nitrogen  at  the  first  two  stages  caused  a  de- 
pression of  the  phosphoric-acid  content  in  the  grain,  as  well  as  in  the 
straw.  In  the  light  of  these  results,  this  depression  could  not  be  con- 
sidered either  as  a  yield  relation  nor  as  a  reciprocal  relation  of  the  two 
elements  in  the  plant  tissues,  based  on  similarity  of  function. 

(7)  The  application  of  nitrogen,  at  the  first  two  stages  of  growth, 
caused  a  marked  depression  of  the  ash  and  silica  content  in  the  straw. 


POISONOUS  PROPERTIES  OF  BIKUKUEEA  CUCUEEA- 
RIA  (DUTCHMAN'S-BREECHES)  AND  B.  CANADENSIS 
(SQUIRREE-CORN)1 

By  O.  F.  Black,  Chemical  Biologist,  W.  W.  Egglbston,  Assistant  Botanist,  and  J.  W. 
KELLY,  Chemical  Laboratorian,  Office  of  Drug,  Poisonous,  and  Oil  Plant  Investigations, 
Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture,  and  H.  C. 
Turner,  Assistant  Animal  Husbandman,  Virginia  Agricultural  Experiment  Station 

INTRODUCTION 

Since  the  time  of  the  early  settlements  in  the  mountains  of  Virginia 
frequent  fatal  cases  of  poisoning  have  occurred  among  cattle  grazing  in 
the  mountain  pastures  in  early  spring.  It  has  long  been  believed  that 
certain  early  spring  plants  popularly  known  as  "  staggerweeds "  have 
been  the  cause  of  these  fatalities,  since  these  plants  are  among  the  first 
to  appear  in  the  pastures  and  are  often  eaten  by  cattle  when  other  forage 
is  not  abundant.  Suspicion  has  chiefly  centered  upon  the  plants  com- 
monly called  larkspur  (Delphinium  tricorne  Michx.) ,  dutchman's-breeches 
{Bikukulla  cucullaria  (L.)  Millsp.),  squirrel-com  (B.  canadensis  (Goldie) 
Millsp.),  and  wild  bleeding  heart  (B.  eximia  (Ker)  Millsp.).  In  the 
literature  relating  to  poisonous  plants  the  toxic  character  of  D.  tricorne 
has  long  been  recognized,  but  the  American  species  of  Bikukulla  appear 
to  have  received  comparatively  little  attention  from  chemists  and  prac- 
tically none  from  toxicologists. 

The  probable  poisonous  character  of  species  of  Bikukulla  was  first 
brought  to  the  attention  of  the  Department  of  Agriculture  in  June,  1920, 
by  Prof.  H.  S.  Stahl,  of  the  Virginia  Polytechnic  Institute.  He  sub- 
mitted specimens  of  "little  staggerweed,"  later  identified  as  Bikukulla 
cucullaria,  with  the  statement  that  this  plant  was  believed  to  be  respon- 
sible for  the  recent  death  of  a  number  of  cattle  in  the  mountain  pastures 
of  Bland  County,  Va.  An  extract  of  the  plant  prepared  in  the  laboratory 
was  found  to  be  highly  toxic,  and  in  order  to  secure  material  for  further 
study  a  representative  of  the  department  visited  the  locality  where  the 
cases  of  poisoning  had  occurred.  At  the  request  of  Dr.  A.  W.  Drinkard, 
jr.,  Director  of  the  Virginia  Agricultural  Experiment  Station,  arrange- 
ments were  made  to  conduct  some  cooperative  experiments  with  a  view 
to  determine  by  feeding  tests  the  effect  upon  cattle  of  the  plant  material 
collected  for  chemical  examination. 

As  a  result  of  these  investigations  Bikukulla  cucullaria  has  been  shown 
to  contain  a  poisonous  alkaloid  heretofore  unrecognized,  and  the  toxicity 
of  this  plant  for  cattle  has  been  demonstrated.  Poisonous  alkaloids 
have  also  been  found  in  B.  canadensis,  but  this  species  is  much  less  toxic 
than  B.  cucullaria  and  apparently  is  not  likely  to  cause  any  damage  to 
cattle. 

1  Accepted  for  publication  Sept.  13,  1921.  The  plants  referred  to  hi  the  title  are  also  known  in  bo- 
tanical literature  under  the  following  genus  names:  Diccntra,  Bicuculla,  Dielytra,  Liiclytra,  Corydalis, 
Eumaria,  and  others. 
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SYSTEMATIC  POSITION  OF  "LITTLE  STAGGERWEEDS" 

BIKUKULLA 

Perennial  and  smooth  herbs  with' basal  ternately  compound,  dissected 
delicate  leaves;  watery  juice;  horizontal  rootstocks  and  scapose,  race- 
mose, nodding  inflorescence.  Flowers  flattened,  either  deciduous  or 
withering  persistent.  Pedicels  2-bracted.  Sepals  2,  scalelike.  Petals 
4,  the  two  outer  spurred  at  base,  loosely  united;  the  two  inner  pair 
narrower,  and  their  callous-crested  tips  united  over  the  stigmas.  Sta- 
mens 6,  in  two  groups  opposite  the  outer  petals,  hypogynous;  their  fila- 
ments often  united;  middle  anthers  of  each  set  2-celled,  the  lateral  ones 
i-celled.     Pod  10  to  20  seeds,  seeds  crested. 

A  genus  of  about  13  species,  ranging  across  North  America  to  Eastern 
Asia.  Six  species  are  known  on  the  Pacific  slope  of  America  and  3  on 
the  Atlantic  watershed. 

The  bleeding  heart  {Bikukulla  speciabilis  (L.)  Coville)  of  the  gardens 
is  an  Asiatic  species. 

KEY  TO  ATLANTIC  SPECIES 

Racemes  simple;  rootstocks  tuber-bearing. 

Rootstocks  long,  with  scattered  cornlike,  yellow  tubers;  flowers  cordate;  spurs 

rounded;   inner  petals   conspicuously   crested 1.  B.  canadensis. 

Rootstocks  much  shortened;  tubers  gathered  in  a  scaly,  granulated  bulb,  white, 
becoming  pink  and  dark  red;  flowers  sagittate;  spurs  spreading,  elongated; 

inner  petals  minutely  crested 2.  B.  cucullaria. 

Racemes  compound;  rootstocks  scaly,  not  tuber-bearing 3.  B.  eximia. 

i.  Bikukulla  canadensis  (Goldie)  Millsp.  Squirrel-corn.  Turkey- 
corn.  Turkey-pea.  Little  blue  stagger.  Trembling  stagger.  Stagger- 
weed.     Colicweed.     Wild  hyacinth. 

Foliage  bright  green;  scapes  erect  6  to  12  inches  high,  overtopping 
the  leaves;  flowers  greenish  white,  tinged  with  pink.  On  vegetable 
mold  in  woods.  April  and  May.  Nova  Scotia,  Ontario,  Minnesota, 
Missouri,  and  south  along  the  mountains  to  North  Carolina  and  Tennessee. 
In  Virginia  it  occurs  abundantly  on  northern  slopes  in  the  Alleghany 
Mountains  and  often  in  the  Blue  Ridge. 

It  rises  to  4,500  feet  altitude  on  White  Top  Mountain,  although  it 
seems  most  at  home  in  the  neighborhood  of  3,000  feet.  Gorge  of  the 
Potomac  above  Washington.     Rare. 

2.  Bikukulla  cucullaria  (L.)  Millsp.  Dutchman's-breeches.  Little 
blue  stagger.  Trembling  stagger.  Staggerweed.  Colicweed.  Soldier's- 
cap.    Whitehearts.     Indian  boy-and-giris.     Butterfly  banners,  etc. 

Foliage  often  glaucescent ;  scapes  6  to  12  inches  high,  usually  overtopped 
by  the  leaves;  flowers  white  with  yellowish  tips.     April  and  May. 

On  vegetable  mold  in  the  woods.  Growing  in  Virginia  with  Bikukulla 
canadensis  and  Delphinium  tricorne  but  usually  preferring  better  drained 
soil  than  the  former.  Nova  Scotia,  Ontario,  Minnesota,  Nebraska, 
Kansas,  and  Missouri,  and  south  in  the  mountains  to  Alabama.  Common 
on  the  northern  slopes  of  the  Alleghany  Mountains  and  often  in  the 
Blue  Ridge,  being  more  abundant  around  3,000  feet  altitude  and  rising 
on  White  Top  Mountain  to  about  4,500  feet.  Gorge  of  the  Potomac 
above  Washington. 

3.  Bikukulla  eximia  (Ker)  Millsp.  Wild  bleeding  heart.  Stagger- 
weed.     Turkev-corn. 
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Leaves  dark  green;  scapes  1  to  2  feet  high;  longer  than  the  leaves; 
flowers  deep  pink.  Mountain  rocks  and  river  gorges,  southern  Appalach- 
ian Mountains  from  Wills  Mountain,  Allegany  County,  Md.,  south  to 
North  Carolina  and  Tennessee. 

CHEMICAL  EXAMINATION 

As  might  be  expected  in  a  group  so  nearly  related  to  the  poppy  family, 
species  of  Bikukulla  have  been  found  to  contain  alkaloids.  Wenzell  (7) 3 
in  a  study  of  Bikukulla  canadensis  {Corydalis  formosa)  reports  the 
presence  of  an  alkaloid  which  he  assumed,  on  very  insufficient  evidence, 
to  be  coryd aline.  Fischer  and  Soell  (j)  made  an  examination  of  B. 
cucullaria  (Dicentra  cucullaria)  and  were  able  to  identify  protopine  and 
also  to  isolate  minute  quantities  of  two  other  alkaloids  in  crystalline, 
form,  which  they  characterized  only  by  their  melting  points  and  certain 
other  physical  properties.  Battandier  (2)  discovered  protopine  in  B. 
formosa  (DC.)  Howell  (D.  formosa).  Heyl  (5)  made  a  more  thorough 
study  of  the  same  plant  and  observed  that  protopine  was  the  chief 
alkaloid,  besides  isolating  two  others  which  he  differentiated  by  their 
physical  properties. 

Gadamer  (4)  found  protopine  in  B.  spectabilis  (D.  spectabilis),  with  a 
yield  of  1  per  cent,  and  surmised  the  presence  of  other  alkaloids.  Asahina 
(j)  obtained  a  crystalline  alkaloid  from  B.  pusilla  (Sieb.  &  Zucc.)  Coville 
(D.  pusilla),  which  he  named  dicentrine,  and  also  isolated  protopine 
from  the  plant.  He  made  a  very  complete  chemical  study  of  dicentrine 
and  concluded  that  it  was  identical  with  one  of  the  unnamed  alkaloids 
found  by  Heyl  in  B.  formosa  having  a  melting  point  of  1690  C.  Dicentrine 
was  studied  from  a  pharmacological  standpoint  by  Iwakawa  (6),  who 
found  that  it  produced  narcosis  when  administered  to  small  animals 
in  moderate  doses,  whereas  larger  quantities  caused  convulsions,  weaken- 
ing of  the  heart,  and  respiratory  paralysis. 

A  search  of  the  literature  has  failed  to  reveal  any  publication  on  the 
constituents  of  Bikukulla  eximia. 

Table  I  brings  out  the  more  essential  facts  in  the  preceding  summary. 

Table  I. — Comparative  chemical  analyses  of  species  of  Bikukulla  made    by   various 

investigators 

bikukulla  cucullaria,  Fischer  and  Soell. 


Alkaloids 

Melting  point 

Solubility 

Form 

Color  tests : 

Concentrated 

H2S04. 
Erdmann's  .  . 

Froede  's 

Concentrated 
HNO. 


Protopine. 

2060  C 

("Soluble  in  alcohol. 

\ Soluble  in  ether.  .  . 

Cryst.  pr 


23i°C 

Insoluble  in  alcohol 
Soluble  in  CHCI3. 
Needles,  rosettes .  .  . 

Red  to  Brown. 

Red  to  violet. 
Red  to  violet. 
Red  to  vellow. 


215°  C. 

►Soluble  in  alcohol. 

Fine  granular. 


2  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  78. 
20517—23 2 
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Table  I. 

— Comparative  chemical  analyses  of  species  of  Bikukulla  made  by  various  in- 
vestigators— Continued. 

BIKUKULLA  FORMOSA,    G.  Heyl. 

Alkaloids Protopine 

Melting-point 20i°to202°C. 


Solubility . 


Form Needles 

Color  tests: 

Concentrated     ;  Yellow 

H2SO<. 

Erdmann  's  .  . .  .    Yellow  to  green . 


Froede  's 

Concentrated 
HNO. 


168.50  C 

fSoluble    in  H    Br 

J     salt. 

[insoluble  in  alcohol.    Soluble  in  alcohol. 

Yellow  needles White  needles. 


142. 50  C. 

Soluble    in    H    Br. 
salt. 


Violet. 
Colorless . 


Colorless  to  red  vio-  Colorless, 
let. 

Blue Weak  green. 

Deep  blue Blue  green. 

Colorless  to  brown .  .  Brown. 


bikukulla  pusilla,  Y.  Asahina. 


Alkaloids 

Melting  point 

Solubility 

Form 

Color  tests: 

Concentrated  H2S04 

Erdmann 's 

Froede 's 

Concentrated  HNO 


Protopine 

2070  C 

fSoluble  in  alcohol 
[Soluble  in  ether.  . 

Prisms 

Yellow  to  blue .  .  . 
Yellow  to  violet .  . 

Violet  to  blue 

Colorless  to  brown 


Dicentrine. 
168-90  C. 

(Soluble    in    hot    al- 
cohol. 
Soluble  in  CHC13. 
Prisms. 

Colorless  to  violet. 
Blue. 

Deep  blue. 
Colorless  to  brown. 


It  will  be  seen  from  Table  I  that  protopine  seems  to  be  the  alkaloid 
most  common  to  the  members  of  the  genus,  and  if  Asahina's  (7)  sup- 
position is  correct  dicentrine  is  common  to  Bikukulla  formosa  and 
B.  pusilla  and  possibly  may  be  contained  in  others  of  the  group.  It 
seems  not  improbable  that  the  protopine  of  Heyl  (5)  and  Gadamer^), 
melting  at  201  °  C,  may  be  a  different  body  from  that  of  Fischer(j)  and 
Asahma(z),  melting  at  2070  C.  Some  of  the  work  summarized  above 
is  very  incomplete,  with  conclusions  often  based  on  color  reactions, 
which  are  notoriously  deceptive.  The  physiological  action  of  these 
alkaloids  had  not  been  studied,  with  the  exception  of  protopine,  which 
has  long  been  known  as  one  of  the  opium  group,  and  dicentrine  in 
Iwakawa's(6)  report.  Neither  of  these  two  alkaloids  would  seem  to 
possess  sufficiently  toxic  qualities  to  account  for  the  symptoms  of  pois- 
oning in  animals  fed  with  B.  cucullaria  (PI.  1,  A)  and  B.  canadensis 
(PI.  i,B). 

The  material  on  which  the  following  chemical  work  was  done  was 
gathered  at  Round  Bottom,  Va.,  in  April,  1921,  just  previous  to  the 
flowering  stage.  The  tops  and  roots  of  Bikukulla  cucullaria,  and  only 
the  roots  of  B.  canadensis  were  used  in  the  experiments.  The  tops  of 
the  B.  cucullaria  were  dried  and  in  good  condition,  but  the  roots  of 
both  plants  were  contaminated  with  soil  which  was  removed  by  sieving 
in  a  stream  of  running  water.  They  were  then  dried,  first  in  the  air 
and  then  in  an  oven  at  ioo°  C,  and  ground  fine  in  a  mill. 


jan.  13, 1923       Poisonous  Properties  of  Bikukulla  cucullaria 


73 


The  object  of  the  study  here  reported  was  to  determine  what  constitu- 
ents of  the  plants  were  responsible  for  their  toxic  effect,  and  as  it  was 
known  that  both  contained  alkaloids  it  was  obviously  necessary  to  isolate 
and  test  the  toxicity  of  these  compounds.  As  a  preliminary  experiment 
a  few  grams  of  the  ground  roots  of  the  two  plants  were  allowed  to  macerate 
in  Prolius'  solution  for  48  hours.  The  solution  was  then  decanted  and 
evaporated  spontaneously  until  nearly  dry,  and  the  residue  was  extracted 
with  dilute  hydrochloric  acid.  Both  these  solutions  gave  a  heavy  precipi- 
tate when  tests  were  made  with  Mayer's  reagent,  showing  the  presence  of 
alkaloids.  The  acid  solutions  were  then  made  strongly  ammoniacal, 
which  threw  down  some  of  the  dissolved  material  as  a  white  flocculent 
precipitate,  and  were  shaken  out  exhaustively  with  ether.  After  the 
ether  evaporated,  the  residue  was  again  taken  up  with  very  dilute  hydro- 
chloric acid.  One-half  cc.  of  each  of  these  two  solutions,  which  repre- 
sented the  raw  alkaloids  of  Bikukulla  cucullaria  and  B.  canadensis,  was 
injected  subcutaneously  into  two  white  mice.  The  animal  receiving  the 
dose  of  B.  canadensis  gave  some  slight  evidence  of  narcosis  but  suffered 
no  other  ill  effects.  The  mouse  injected  with  the  B.  cucullaria  extract 
also  behaved  in  a  sleepy  manner  for  some  time  and  died  unobserved 
inside  of  two  hours.  Another  mouse  was  then  given  a  similar  injection 
of  the  same  B.  cucullaria  extract,  and  his  reactions  were  carefully  fol- 
lowed. The  animal  showed  no  striking  symptoms  in  the  course  of  an 
hour,  then  suddenly  grew  restless  for  a  few  minutes,  was  seized  with 
acute  convulsions,  and  died  almost  immediately.  These  results  seemed 
to  indicate  that  the  roots  of  B.  cucullaria  were  poisonous,  whereas  those 
of  B.  canadensis  were  harmless,  but  upon  further  investigation  this 
conclusion  was  modified. 

An  approximate  assay  of  the  total  alkaloids. in  the  material  which  was 
available,  namely,  the  tops  and  roots  of  Bikukulla  cucullaria  and  the 
roots  of  B.  canadensis  was  undertaken  as  follows :  Of  each  of  these  three 
samples  5  gm.,  dried  and  finely  ground,  were  macerated  for  48  hours  in 
50  cc.  of  Prolius'  solution,  the  solution  was  decanted  off  and  the  residue 
washed  with  a  little  alcohol  and  added  to  the  solution,  which  was  then 
extracted  with  50  cc.  of  5  per  cent  H,S04  in  three  portions.  The  acid 
extract  was  made  alkaline  with  ammonia  and  shaken  out  exhaustively 
with  ether.  The  ether  solution  was  distilled  to  small  bulk,  transferred 
to  a  tared  beaker,  and  allowed  to  evaporate  spontaneously,  whereupon  it 
was  completely  dried  in  a  desiccator  and  weighed.  Table  II  shows  the 
results  of  the  three  determinations. 


Table  II. — Assay  of  total  alkaloids  found  in  Bikukulla  cucullaria  and  B.  canadensis 


Plant 

Weight 

of 
plant. 

Alkaloid. 

Character  of  residue. 

B.  cucullaria: 

Tops 

Gm . 
5 

5 

5 

( 1m . 
0.  062 
.080 

•  157 

Per 
cent. 
1.  24 
1.  60 

3-  14 

Amorphous. 

Amorphous ,  with  some  needles . 

Amorphous,  with  rosettes. 

Roots 

B.  canadensis: 

Roots 
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With  known  weights  of  the  raw  alkaloids  from  definite  quantities  of 
the  three  samples,  the  way  was  now  open  for  comparative  tests  of  their 
toxicity.  To  this  end  all  three  total  alkaloidal  residues  were  dissolved 
in  exactly  5  cc.  of  very  dilute  acetic  acid,  and  0.5  cc.  of  each  was  injected 
subcutaneously  into  three  mice.  The  result  was  the  same  in  each  instance 
the  animal  died  almost  instantly  in  violent  convulsions.  The  dosage 
was  as  follows  : 

B.  cucullaria: 

Tops 0.5  gm.  plant=o.oo62  gm.  alkaloid. 

Roots 0.5  gm.  plant=  .0080  gm.  alkaloid. 

B.  canadensis: 

Roots 0.5  gm.  plant—  .0157  gm.  alkaloid. 

By  testing  these  solutions  at  gradually  increasing  dilutions  it  was 
possible  to  determine  within  narrow  limits  the  minimal  fatal  dose  of  the 
three  with  respect  to  mice  of  about  20- gm.  weight,  as  shown  in  Table  III. 

Table  III. — Minimal  fatal  dose  of  Bikukulla  cuculluria  and  B.  canadensis  for  mice  of 

20-gm.  weight 


Plant. 


B.  cucullaria: 
Tops. 
Roots. 

B.  canadensis 
Roots. 


Weight 

of 

Alkaloid. 

plant. 

Gm, 

Gm, 

0.  040 

0.  0005 

.031 

•  0005 

.250 

.  0100 

Total  dose 
per  kilo- 
gram of 

body 
weight. 


Gm. 

o.  02 

.  02 


40 


From  these  figures  it  can  be  estimated  that  the  combined  alkaloids  of 
Bikukulla  cucullaria  roots  and  those  of  the  tops  are  of  approproximately 
the  same  degree  of  toxicity. 

This  finding  runs  counter  to  observations  made  in  the  field  tests  on 
calves,  as  reported  elsewhere,  in  which  60  pounds  of  the  tops  were  fed 
without  effect.  A  possible  explanation  of  this  result  is  that  the  bulk  and 
succulence  of  the  fresh  tops  so  dilutes  the  poison  that  its  action  is  mini- 
mized and  it  is  absorbed  so  gradually  that  the  animal  suffers  no  ill  effects. 
Nevertheless  the  fact  remains  that  the  tops  contain  the  poison  and  must 
be  held  partially  accountable  for  the  poisoning  of  grazing  stock  which  eat 
the  whole  plant.  Applying  the  foregoing  figures  to  a  comparison  of  the 
relative  toxicity  of  the  roots  of  Bikukulla  cucullaria  and  B.  canadensis, 
it  will  be  seen  that  the  alkaloids  of  B.  cucullaria  are  about  20  times  as 
poisonous  as  those  of  B.  canadensis,  but  as  there  is  a  considerably  larger 
percentage  of  alkaloids  in  B.  canadensis  the  ratio  of  toxicity  between  the 
two  plants  would  be  reduced  to  approproximately  6  to  1 . 

As  a  preliminary  experiment  to  acquire  some  information  about  the 
character  of  the  alkaloids  in  the  two  plants  under  investigation,  100  gm. 
of  each  were  extracted  in  a  Sohxlet  apparatus  with  the  selective  solvents, 
ether,  chloroform,  alcohol,  and  acidified  water.  In  the  case  of  Bikukulla 
cucullaria  the  acidified  water  gave  only  the  faintest  of  tests  with  Mayer's 
reagent,  showing  that  the  other  three  solvents  had  made  a  complete 
extraction.  All  three  solutions  contained  appreciable  quantities  of 
alkaloids.     From  the  chloroform  and  alcohol  fractions  only  amorphous 
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products  were  obtained,  but  from  the  ether  extract  a  crystalline  alkaloid 
was  isolated.  After  the  ether  was  distilled  off  the  residue  was  triturated 
with  dilute  hydrochloric  acid  until  all  the  alkaloid  was  removed  and  the 
acid  solution  was  made  ammoniacal  and  shaken  out  with  ether.  The 
etherial  solution  was  concentrated  to  small  bulk,  the  same  volume  of 
alcohol  was  added,  and  on  slow  evaporation  there  were  deposited  warty 
masses  of  colorless  crystals.  These  were  removed  and  pressed  between 
filters  and  reerystallized  from  a  mixture  of  alcohol  and  chloroform.  After 
one  recrystallization  they  melted  at  1680  C,  which  was  not  changed  by  a 
further  purification  of  the  same  kind.  It  was  at  once  assumed  that  the 
dicentrine  of  Asahina  (j)  had  been  isolated,  but  after  testing  the  com- 
pound on  mice  it  was  evident  that  it  was  another  substance,  and  one  of 
much  higher  degree  of  toxicity.  By  methods  already  described,  it  was 
found  that  0.04  mgm.  of  the  alkaloid  was  fatal  to  a  mouse.  The  animal 
exhibited  a  period  of  intense  excitement  followed  by  convulsions  and 
death,  whereas  Iwakawa  in  trying  out  dicentrine  on  mice  found  the  fatal 
dose  to  lie  between  5  and  10  mgm.,  and  his  animals  experienced  a  pro- 
longed period  of  narcosis  before  death.  These  facts  would  seem  sufficient 
to  differentiate  the  two  compounds. 

Another  alkaloid  is  known  with  a  melting  point  of  1690  C,  namely, 
Y-homochelidonine,  found  chiefly  in  Sangninaria  canadensis  L.  It  has 
always  been  prepared  in  conjunction  with  its  physical  isomeride  B- 
homochelidonine,  melting  point  1590,  but  no  trace  of  the  latter  was  found 
in  our  product.  Moreover,  the  physiological  action  of  Y-homochelido- 
nine is  like  morphine,  chiefly  narcotic.  It  is  therefore  reasonable  to  as- 
sume that  the  alkaloid  isolated  from  Bikukulla  cucullaria  is  new,  and  we 
propose  to  name  it  provisionally  cucullarine.  Unfortunately,  the  small 
quantity  at  our  disposal  has  made  it  impossible  to  make  a  complete 
study  of  it,  but  this  we  intend  to  do  later  when  larger  quantities  of 
material  are  available.  We  have  been  able,  however,  to  note  the  follow- 
ing properties:  It  crystallizes  in  characteristic  warty  masses  of  prisms; 
it  is  colorless  when  first  prepared  but  changes  to  pink  in  the  light;  it  is 
soluble  in  ether  and  chloroform,  but  not  so  soluble  in  alcohol ;  it  is  precipi- 
tated by  the  usual  alkaloid  reagents,  Mayer's,  iodin  in  potassium  iodid, 
picric  acid  (crystalline),  and  platinum  chlorid;  with  concentrated  sul- 
phuric acid  a  small  crystal  dissolves  with  difficulty,  producing  a  violet 
coloration  turning  brown. 

Another  portion  of  Bikukulla  cucullaria  was  exhaustively  extracted 
with  95  per  cent  alcohol  containing  a  little  acetic  acid,  the  alcohol  was 
removed  by  vacuum  distillation,  and  the  residue  was  taken  up  in  dilute 
acetic  acid  and  allowed  to  stand  for  some  time.  The  small  quantity  of 
resin  which  separated  was  filtered  off,  and  the  solution  was  made  alkaline 
with  ammonia  and  shaken  out  first  with  ether  then  with  chloroform. 
Very  little  alkaloid  was  recovered  from  the  latter  extract,  the  great  bulk 
being  removed  by  the  ether.  The  etherial  solution  was  set  aside  for  sev- 
eral days  with  the  expectation  that  protopine  would  crystallize  out. 
This  did  not  occur,  however.  The  ether  was  then  distilled  off,  and  the 
raw  alkaloid  fractioned  in  various  ways  with  the  production  only  of 
amorphous  products.  Our  failure  to  isolate  protopine,  reported  by 
Fischer  and  Soell  in  B.  cucullaria,  may  be  due  to  the  comparatively 
small  quantities  of  material  on  which  the  work  was  done  or  to  the  stage  of 
maturity  of  the  plant.  Fischer  and  Soell  do  not  say  when  their  B. 
cucullaria  was  gathered  and  are  rather  obscure  in  their  description  of  the 
technic  they  employed. 
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As  with  Bikukulla  cucullaria  it  has  not  been  possible  as  yet  to  give 
the  alkaloids  of  B.  canadensis  a  complete  survey.  It  seems  highly  prob- 
able that  the  latter  plant  contains  cucullarine,  as  the  physiological 
effects  produced  on  mice  by  the  raw  alkaloids  of  both  plants  are  so  sim- 
ilar. If  present  in  B.  canadensis  it  undoubtedly  must  be  there  in  very 
minute  quantity,  as  the  toxicity  of  B.  cucullaria  is  so  much  greater. 
This  may  account  for  the  failure  so  far  to  isolate  it.  However,  a  crys- 
talline alkaloid  from  the  roots  of  B.  canadensis  has  been  prepared. 
The  material  was  percolated  with  95  per  cent  alcohol,  plus  acetic  acid, 
and  the  solution  was  treated  in  the  usual  way.  By  extracting  this  prepar- 
ation with  ether  which  contained  a  small  quantity  of  alcohol  a  bright 
yellow  compound  was  obtained,  crystallizing  in  bundles  of  silky  needles. 
It  has  a  melting  point  of  2100  C.  and  gave  reactions  with  the  customary 
alkaloid  reagents  and  a  crystalline  precipitate  with  picric  acid.  It 
proved  to  be  nontoxic  Avhen  injected  into  a  mouse.  A  dose  of  0.6  mgm. 
caused  the  animal  no  apparent  inconvenience. 

It  is  proposed  to  make  a  further  study  of  the  alkaloids  of  Bikukulla 
cucullaria,  B.  canadensis  and  B.  eximia  in  more  detail  with  larger  quanti- 
ties of  material. 

FEEDING  EXPERIMENTS 

Feeding  experiments  with  both  Bikukulla  cucullaria  and  B.  canadensis 
were  made  by  the  representative  of  the  Virginia  Agricultural  Experi- 
ment Station  on  a  farm  near  Merriam,  Bland  County.  The  material 
used  was  collected  on  this  farm  and  fed  in  a  fresh  condition.  The  ani- 
mals used  were  healthy  yearling  steers,  weighing  approximately  275 
pounds  each. 

At  first  these  plants  only  were  fed,  but  the  animals  ate  of  them  so 
sparingly  that  it  was  found  necessary  to  mix  them  with  grass  before  they 
were  taken  freely.  Account  was  kept  of  the  weight  of  the  grass  and  of  the 
plants  fed  to  each  animal  and  of  the  portion  which  remained  uneaten, 
from  which  the  approximate  weight  of  the  suspected  plants  eaten  was 
calculated.    A  detailed  account  of  the  experiments  follows. 

STEER  2. — The  whole  plant  of  Bikukulla  cucullaria  was  given  this 
animal.  Feeding  was  begun  at  2  p.  m.,  April  19,  192 1,  but  on  that  day 
only  }4  pound  of  the  plant  was  eaten;  April  20,  2,%  pounds  were  consumed 
between  7.30  a.  m.  and  5  p.  m.,  without  noticeable  effects.  Feeding  was 
resumed  at  5.15  p.  m. ;  and  at  5.30,  when  the  animal  had  eaten  about  an- 
other pound  of  the  plants,  symptoms  of  poisoning  were  first  exhibited. 
He  suddenly  began  to  tremble,  ran  backward  then  forward  several  times 
with  the  head  held  very  high.  He  was  frothing  at  the  mouth  and  several 
times  ejected  partly  digested  stomach  contents  a  distance  of  several  feet. 
The  trembling  which  occurred  all  over  the  body  became  more  violent, 
convulsions  ensued,  and  at  5.40,  10  minutes  after  the  first  seizure,  he  fell 
and  was  unable  to  rise.  He  lay  upon  the  left  side,  with  the  head  thrown 
back  as  in  opisthotonos,  and  with  the  legs  extended  and  rigid.  He 
moaned  as  though  in  great  pain,  the  eyes  were  glassy,  breathing  was  very 
difficult,  and  the  bowels  were  lax.  About  5.50  relaxation  began;  the 
animal  struggled  but  was  unable  to  rise  until  6.10,  when  he  got  up;  and 
although  very  weak  and  nervous  he  was  able  to  walk  about.  From  this 
time  his  condition  improved  rapidly,  and,  when  no  other  symptoms  of 
poisoning  appeared,  he  was  returned  to  the  pasture  at  noon,  April  21. 

STEER  5. — The  bulbs  alone  of  Bikukulla  cucullaria  were  fed  to  this 
animal.     Feeding  was  begun  at  2  p.  m.,  April  19,  but  practically  none  of 
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the  material  was  eaten  until  the  following  day  when  approximately  5 
pounds  were  consumed  between  7.30  a.  m.  and  5.30  p.  tn.  Then  trem- 
bling, convulsions  and  all  other  symptoms  manifested  by  steer  2  were 
exhibited.  As  in  the  case  of  steer  2  this  aninmal  was  eating  heartily  of 
the  bulbs  at  the  time  of  seizure. 

There  was  no  appreciable  difference  in  the  time  both  animals  were 
down  or  in  their  condition  during  recovery.  These  two  cases  agree  so 
closely  in  every  respect  that  they  are  regarded  as  practically  identical. 

Steer  4. — Between  April  19  and  April  25  this  animal  received  60 
pounds  of  Bikukulla  cucullaria  tops  which  included  the  flowers.  There 
were  no  ripe  seeds  in  the  material.  The  quantity  consumed  daily  ranged 
from  4  to  11%  pounds.  No  symptoms  of  poisoning  were  observed  during 
the  seven  days  the  animal  was  under  observation. 

Steer  3. — This  animal  consumed  approximately  55  pounds  of  the 
entire  plant  of  Bikukulla  canadensis  between  5.30  p.  m.,  April  19  and 
12.30  p.  m.,  April  27.  The  quantity  consumed  daily  ranged  from  3% 
to  9^  pounds.  Aside  from  a  slight  restlessness  and  uneasiness  on  the 
second  day  of  feeding,  when  7>2pounds  of  the  plant  were  eaten,  no 
injurious  effect  was  observed. 

Steer  6. — This  animal  was  brought  in  for  feeding  on  the  afternoon  of 
April  24,  and  was  given  the  entire  plant  of  Bikukulla  canadensis.  Feed- 
ing was  continued  until  noon,  April  27,  up  to  which  time  he  had  consumed 
16  pounds  of  this  material.  Six  and  one-half  pounds  of  the  plant  were 
eaten  on  April  24,  and  on  April  25  the  animal  was  restless  and  uneasy 
practically  all  day,  but  no  other  symptoms  were  manifested. 

These  experiments  confirm  the  popular  opinion  that  Bikukulla  cucul- 
laria is  poisonous  to  cattle,  but  more  definite  feeding  experiments  must 
be  performed  with  Bikukulla  canadensis  before  it  can  be  positively  stated 
that  this  species  constitutes  a  menace  to  live  stock. 

CONDITIONS   UNDER   WHICH    POISONING   MAY   OCCUR 

Most  of  the  cases  of  poisoning  occur  early  in  the  spring.  The  danger 
is  usually  past  by  the  middle  of  May,  although  in  some  of  the  higher 
altitudes  poisoning  may  occur  as  late  as  June.  Poisoning  is  said  to 
occur  most  frequently  following  heavy  rains,  when,  the  soil  being  soft, 
the  bulbs  of  the  plant  are  mostly  likely  to  be  pulled  up  and  eaten.  The 
experiments  show  that  both  species  of  Bikukulla  used  are  unpalatable  to 
cattle  and  therefore  unlikely  to  be  eaten  in  harmful  quantities  when 
suitable  forage  is  available. 

SUMMARY 

(1)  Bikukulla  culcullaria  and  B.  canadensis,  in  Virginia  popularly 
called  "little  staggerweeds,"  have  long  been  considered  poisonous  to 
cattle. 

(2)  Chemical  examination  has  shown  that  both  these  plants  contain 
toxic  alkaloids  and  that  the  tops  as  well  as  the  bulbs  of  B.  cucullaria  are 
poisonous. 

(3)  B.  cucullaria  contains  at  least  one  alkaloid  of  a  highly  poisonous 
nature.  This  alkaloid,  heretofore  apparently  unknown,  lias  been  named 
cucullarine,  and  its  properties  are  described. 

(4)  Cucullarine  probably  occurs  in  B.  canadensis  also,  since  its  physio- 
logical effect  on  mice  closely  resembles  that  of  B.  cucullaria. 

(5)  Feeding  experiments  show  that  B.  cucullaria  is  toxic  for  cattle. 
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FORCING  THE  GERMINATION  OF  FRESHLY  HAR- 
VESTED WHEAT  AND  OTHER  CEREALS  x 

By  George  T.  Harrington 

Formerly  Scientific  Assistant,  Seed-Testing  Laboratories,  United  States  Department  of 

Agriculture 

In  the  regions  where  the  winter  wheat  harvest  precedes  sowing  by 
only  a  few  weeks,  as  in  Wisconsin,  farmers  depend  largely  upon  the  cur- 
rent crop  for  fall  sowing.  The  inability  to  secure  a  prompt  and  satis- 
factory germination  test  of  the  freshly  harvested  grain,  when  tested  at 
the  ordinary  temperature,  200  C.  or  a  little  higher,  has  heretofore  created 
an  administrative  difficulty,  which  became  acute  toward  the  end  of  the 
sowing  season  when  a  prompt  report  by  the  analyst  was  imperative. 
The  work  reported  in  this  paper  was  done  in  an  attempt  to  overcome  this 
difficulty.2  In  all,  about  four  dozen  samples  of  wheat  and  one  dozen 
each  of  barley  and  oats  of  the  current  crop,  part  of  them  gathered  from 
the  standing  grain,  were  included  in  the  investigation.  More  than  half 
of  these  samples  were  gathered  by  hand  in  the  State  of  Wisconsin. 
Others  were  sent  there  or  to  Washington  from  Colorado  and  from  the 
Dominion  of  Canada. 

Germination  tests  were  made  in  100-mm.  Petri  dishes  with  moist 
absorbent  cotton  as  a  seed  bed,  using  only  unbroken  grains  which  showed 
no  visible  evidence  of  decay  or  injury.  The  majority  of  the  samples  were 
presoaked  about  half  an  hour  in  Gooch  crucibles  in  running  tap  water, 
those  badly  infected  with  microorganisms  being  first  sterilized  from  two 
to  five  minutes  in  a  1  per  cent  solution  of  silver  nitrate.  Only  50  grains 
were  used  in  the  majority  of  the  tests,  but  100  or  200  in  some  tests. 
Preliminary  germination  tests  of  all  samples  and  a  few  special  tests  in 
which  temperature  effects  were  not  important  were  made  at  room 
temperature  (about  200  to  260  C).  Samples  which  germinated  very 
well  in  the  preliminary  tests  were  not  included  in  any  of  the  tests  with 
different  methods  of  forcing  germination. 

On  account  of  the  limitations  under  which  the  work  was  done,  it  was 
necessary  to  count  grains  as  germinating  while  in  the  very  early  stages 
of  germination  and  to  discontinue  the  majority  of  the  tests  at  the  earliest 
possible  date.  This  practice  was  justified  by  observation  upon  further 
development  at  a  favorable  temperature  for  growth  in  a  large  number 
of  selected  cases. 

Moisture  determinations  were  made  concurrently  with  the  germination 
tests  by  drying  small  samples  of  the  grain  for  two  or  three  days  in  an 
oven  in  which  the  temperature  was  maintained  at  about  105  °  C.  and  the 
air  was  kept  in  circulation  by  a  small  electrically  driven  fan. 

1  Accepted  for  publication  July  a,  1921. 

2  The  greater  part  of  the  work  was  done  in  Madison,  Wis.,  during  August,  1919,  with  the  cooperation  of 
Prof.  A.  L.  Stone,  State  seed  inspector  of  Wisconsin,  on  whose  suggestion  the  investigation  was  undertaken, 
Dr.  W.  W.  Robbins,  who  at  that  time  was  with  the  Colorado  Agricultural  Experiment  Station,  and  the 
Canadian  analysts.  Prof.  Stone  assisted  in  the  arrangements  for  collecting  samples  in  Wisconsin.  Dr. 
Robbins  and  the  Canadian  analysts  sent  samples  from  their  localities  for  test.  The  necessary  equipment 
was  furnished  by  the  Branch  Cereal  Laboratory  of  the  United  States  Department  of  Agriculture  at  Madi- 
son and  the  Department  of  Plant  Pathology  at  the  University  of  Wisconsin.  After  my  return  to  Wash- 
ington, Miss  Bertha  C  Hite,  of  the  Seed-Testing  Laboratories,  continued  the  work,  concerning  herself 
especially  with  the  effect  of  increased  oxygen  pressure  and  the  germination  of  old  cereals  at  different  tem- 
peratures. 
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A  great  deal  of  work  has  been  done  by  others  on  the  after-ripening 
of  seeds  in  general  and  more  with  the  cereals  than  with  any  other  class 
of  seeds  on  account  of  their  economic  importance.  Much  of  this  work 
with  the  cereals  by  English  and  German  investigators  has  been  related 
to  the  adaptation  of  fresh  grain  for  use  in  the  brewing  industry,  although 
relations  to  agricultural  practice  and  breeding  have  not  been  entirely 
neglected.  Many  and  various  hypotheses  have  been  put  forward  to 
explain  the  process  of  after- ripening,  but  some  of  these  lack  convincing 
experimental  evidence  and  none  is  of  universal  application. 

RESULTS  OF  THE   INVESTIGATION 
EFFECT   OF   ARTIFICIAL   DRY   HEATING 

Duchartre  (15)  ,3  working  with  spring  rye,  wheat,  and  barley,  was  one 
of  the  first  to  call  attention  to  the  beneficial  effect  of  artificial  drying  on 
the  germination  of  seeds.  He  found  that  cereal  seeds  were  capable  of 
germination  when  they  were  still  far  from  mature,  and  their  endosperms 
were  just  leaving  the  milk  stage;  that  very  young  seeds  germinated  more 
slowly,  but  with  as  high  a  total  percentage  as  the  fully  ripened  grain; 
that  artificial  drying  so  affected  these  very  young  seeds  that  they  ger- 
minated about  as  rapidly  as  the  mature  grain;  and  that  such  artificially 
dried  young  grain  was  satisfactory  for  seeding  purposes. 

Since  Duchartre's  publication,  the  New  York  (Geneva)  Agriculture 
Experiment  Station  (40),  Hotter  (24),  Hoffman  (22,  23),  Hiltner  (21), 
Atterberg  (<5),  Kiessling  (28),  and  Stapledon  and  Adams  (39)  are  among 
those  who  have  published  results  showing  favorable  effects  upon  ger- 
mination from  drying  not  after- ripened  cereals  and  maize.  Zade  (47)  found 
only  slight  advantage  from  artificial  drying  of  wild  oats  when  fresh,  but 
when  the  dormant  seeds  which  had  been  in  moist  sand  for  months  were 
removed  from  the  sand,  dried,  and  remoistened  a  very  large  percentage 
germinated  promptly. 

Recently  Kondo  (jo)  has  shown  beneficial  effects  from  drying  not  after- 
ripened  rice.  He  considers  this  to  be  due  to  an  increase  in  the  oxygen 
supply  made  possible  by  a  change  in  the  oats.  This  explanation  seems 
to  be  applicable  to  Zade's  favorable  results  with  wild  oats,  since  Atwood 
(7)  has  shown  that  oxygen  is  the  limiting  factor  in  the  germination  of 
these  seeds. 

In  nearly  all  the  published  work  on  artificial  drying  to  hasten  the  after- 
ripening  and  germination  of  cereals  the  drying  has  been  done  by  means  of 
heating,  and  the  results  are  therefore  complicated  by  a  possible  effect  of 
the  heating  per  se.  In  fact  Kiessling,  in  the  article  already  cited,  at- 
tempted to  show  that  the  beneficial  effects  he  secured  were  really  tem- 
perature effects  and  not  effects  of  fluctuations  in  moisture  content  at 
all.  However,  Hiltner  (21)  and  others  have  shown  an  accelerating  effect 
upon  after-ripening  as  a  result  of  drying  in  vacuo  or  over  sulphuric  acid. 
The  writer,  in  conjunction  with  Dr.  William  Crocker  in  work  as  yet  un- 
published, accelerated  after-ripening  of  Johnson  grass  seed  by  drying  over 
lime  or  over  sulphuric  acid,  but  the  effect  developed  much  more  slowly 
and  less  completely  here  than  when  the  seeds  were  heated  in  a  drying 
oven.  Apparently  in  this  case  both  heating  and  drying  are  beneficial 
and  the  result  seems  to  be  related  to  the  subsequent  water  intake  of  the 
embryo. 

»  Reference  is  made  by  number  (italic)  to  "  Literature  cited, ,:  p.  yT-100. 
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The  effect  of  drying  and  heating  treatment  depends  to  an  extent  not 
always  recognized  upon  the  condition  of  the  grain  at  the  time  of  treat- 
ing it,  the  temperature  used,  and  the  length  of  time  the  treatment  is 
applied.  Kiessling  (28)  found  a  beneficial  effect  upon  barley  in  the 
early  stages  of  after-ripening  and  a  harmful  effect  in  the  later  stages  or 
after  after-ripening  was  complete.  Stapledon  and  Adams  (39),  with 
very  mild  dry  heat  treatments,  secured  beneficial  results  with  good 
strong  grain  and  harmful  results  with  weak  or  diseased  grain.  Atter- 
berg  (6)  reported  a  decrease  in  germinating  capacity  as  a  result  of  dry- 
ing for  a  short  interval,  followed  by  an  increase  with  longer  drying. 
Wollny  {45),  working  with  fully  afterripened  cereals,  found  that  arti- 
ficial drying  decreased  germination  but  increased  the  productivity  of 
the  resulting  plants.  According  to  Worobiew  (46)  heating  wheat  before 
germination  promoted  a  xerophytic  type  of  structure  and  increased  pro- 
ductivity under  drought  conditions  but  had  no  effect  with  ample  mois- 
ture supply.  Apparently  Johannsen's  failure  (25)  to  induce  the  germi- 
nation of  fresh  two-row  barley  and  Stapledon  and  Adams'  (39)  only 
slightly  favorable  results  with  a  number  of  cereals  are  to  be  explained  as 
a  result  of  drying  for  an  insufficient  length  of  time. 

The  temperatures  used  for  drying  have  varied  from  about  300  C.  to 
as  high  as  8o°  C,  and  the  results  with  the  higher  temperatures  have 
frequently  been  harmful  on  account  of  the  relatively  high  moisture 
content  of  the  cereals  at  the  time  the  heating  was  begun.  Miiller  (36), 
Waggoner  (42),  Harrington  and  Crocker  (20),  Nagai  (37),  Atanasoff 
and  Johnson  (5),  and  others  have  shown  that  cereal  and  other  seeds  are 
quite  resistant  to  the  effect  of  temperatures  even  as  high  as  ioo°  C.  if 
their  moisture  content  is  low  when  the  heating  commences.  Zalenski 
(48)  found  500  C.  for  a  short  time  fatal  to  fresh  green  grain  of  winter 
rye  and  harmful  to  the  grain  in  later  stages  of  maturation. 

Several  have  found  a  temperature  around  400  C.  to  be  best  for  increas- 
ing the  germination  capacity  of  not  after-ripened  cereals.  Stapledon  and 
Adams  (39)  used  this  temperature  for  three  days  with  limited  effect. 
Hotter  (24)  gave  10  days,  Hiltner  (21)  8  to  10  days,  and  Atterberg  (<5) 
8  days  as  the  length  of  time  drying  at  400  C.  was  necessary  to  bring 
not  after-ripened  cereals  to  their  full  germinating  capacity.  Atterberg 
obtained  the  same  results  from  8  days'  drying  at  300  C.  if  the  seeds  were 
dried  in  a  current  of  air,  a  fact  which  seems  to  indicate  that  oxygen  sup- 
ply or  rate  of  drying  is  important.  Moritz  and  Morris  (34)  gave  43 °  C. 
as  the  maximum  temperature  to  be  used  in  kiln-drying  barley  for  malting, 
and  Hiltner  stated  that  temperatures  above  400  C.  may  be  injurious  to 
the  fresh,  relatively  moist  not  after-ripened  grain.  Since  barley  is  more 
resistant  than  the  other  cereals  to  the  harmful  effects  of  high  temperatures 
400  C.  would  seem  to  be  as  high  a  temperature  as  could  safely  be  adopted 
for  general  use. 

In  the  author's  investigations  heating  for  one  day  at  400  C.  was  without 
effect  upon  the  germinating  capacity  of  very  moist,  fresh  wheat.  Table 
I  shows  the  effects  of  other  dry-heat  treatments  upon  germination  at 
room  temperature. 

Drying  wheat  eight  days  at  400  C.  had  a  much  more  pronounced  effect 
upon  its  subsequent  germination  than  drying  at  the  same  temperature 
for  five  days.  This  drying  treatment  was  more  effective  in  hastening 
germination  with  barley  than  with  wheat  or  oats,  but  it  raised  the  germi- 
nation capacity  to  nearly  100  per  cent  in  all  cases.    When  the  temperature 
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was  raised  to  62  °  after  eight  days  at  400,  and  the  drying  was  con- 
tinued for  one  day,  the  rapidity  and  completeness  of  germination  of  oats 
and  wheat  were  reduced  to  about  the  figures  for  the  undried  controls. 
Barley,  after  the  same  treatment,  germinated  even  better  than  when 
dried  only  at  400.  This  agrees  with  the  statements  of  others  that  barley 
is  more  resistant  to  the  injurious  effects  of  high  temperature  than  are 
the  other  cereals  and  in  addition  seems  to  indicate  that  up  to  the  point  at 
which  injury  begins,  increasing  the  drying  temperature  would  increase 
the  effectiveness  of  the  treatment. 

Table  I. — Effect  of  artificial  heating  and  drying 


Kind  of  grain  and 
number  of  samples. 


Wheat,  3  samples 
Wheat,  4  samples 
Oats,  6  samples. .  . 
Barley,  3  samples 

Wheat,  2  samples 
Oats,  5  samples. .  . 
Barley,  1  sample. 


Drying  treatment. 


(Control,  not  dried 

\  Dried  5  days  at  400  C 
(Controls,  not  dried. . . 
\  Dried  8  days  at  400  C 
(Controls,  not  dried.  .. 
(Dried  8  days  at  400  C 
/Controls,  not  dried.  .. 
\Dried  8  days  at  400  C 

{Controls,  not  dried . . . 
Dried  8  days  at  400  C 
Same + 1  day  at  62  °  C 
I  Controls,  not  dried . . . 
Dried  8  days  at  400  C 
Same  + 1  day  at  62  °  C 
I  Controls,  not  dried. . . 
Dried  8  days  at  400  C 
Same + 1  day  at  62  °  C 


Percentage  of  germination. 


Average 

mois-  j 

ture 

content 

in  per- 

centage 

of  wet 

weight 


Average  of  all 
samples. 


2  days,    s  days. 


12.3 

a  61 

69 

8.1 

7i 

78 

12.  4 

38 

78 

6.9 

59 

95 

n. 6 

20 

85 

5-5 

27 

98 

12.3 

9 

29 

6.  1 

7i 

99 

12.3 

47 

83 

7.0 

68 

93 

4.8 

38 

73 

11. 6 

20 

83 

5-5 

27 

98 

4-7 

8 

92 

12.3 

8 

36 

5-  7 

5« 

100 

4-7 

80 

100 

Samples  show- 
ing greatest 
effect  of  the 
treatment. 


2  days.  5  days 


52 
68 

32 

54 

8 

20 

16 

86 

32 

54 

24 

8 

20 

o 


60 
76 
68 

98 
62 

98 

28 

100 

70 

88 

5° 
62 

98 

74 


<*  In  3  days. 


Tests  of  several  of  the  samples  which  showed  poorest  germination  in 
five  days  were  continued  two  days  longer.  Germination  continued  at  a 
decreasing  rate  during  this  time,  but  was  far  from  complete  at  the  end 
of  the  time  in  case  of  some  of  the  untreated  lots,  especially  of  barley, 
and  some  of  the  lots  of  wheat  and  oats  which  had  been  heated  at  62  °  C. 


EFFECT  OF  PRESOAKING 

Bleisch  (9),  with  barley  which  germinated  well  without  treatment, 
and  Andrews  and  Beals  (3),  with  fully  after-ripened  maize,  have  shown 
acceleration  of  germination  as  a  result  of  presoaking.  Hiltner  (21)  and 
Atterberg  (6)  greatly  increased  both  germinating  energy  and  germinating 
capacity  of  a  number  of  kinds  of  freshly  harvested  cereals  by  presoaking 
combined  with  a  pricking,  of  the  endosperms.  Kiessling  (28)  decided 
that  presoaking  not  after-ripened  cereals  at  various  temperatures  had  a 
uniformly  harmful  effect  as  compared  with  drying  at  the  same  tempera- 
tures and  that  this  harmful  effect  was  not  entirely  overcome  by  the 
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"heat  stimulus, "  which  he  makes  the  basis  upon  which  rests  the  beneficial 
results  of  both  drying  and  presoaking.  With  water  as  the  heating 
medium  and  the  grain  therefore  in  a  sensitive  condition  the  heat  stimulus 
is  felt  in  a  few  hours,  whereas  in  dry  condition  days  are  required.  Too 
long  heating  (overstimulation  according  to  Kiessling  (28) ,  is  of  course 
harmful.  Moufang  and  Vetter  (jj)  therefore  recommended  soaking 
barley  one  hour  at  45  °  C,  followed  by  soaking  in  the  cold  in  preparing 
it  for  malting.  Too  long-continued  soaking  at  any  temperature  also  is 
recognized  as  harmful  by  all  who  have  worked  upon  the  subject,  and 
Wollny  (45),  Kidd  and  West  (27),  and  others  have  emphasized  the  fact 
that  harmful  effects  result  from  presoaking  in  an  excess  of  standing  water. 
This  danger  is  reduced  by  using  running  water.  According  to  Kidd  and 
West  (27),  presoaking  the  red  dwarf  bean  in  excess  of  water  increased 
the  rate  and  vigor  of  germination  but  decreased  the  total  percentage 
germinating  and  the  number  and  dry  weight  of  the  seedlings  which 
survived  after  three  weeks  in  good  soil.  The  injury  thus  measured  and 
the  amount  of  exosmosis  from  the  seeds  while  soaking  was  greater  when 
they  were  soaked  at  50  to  io°  C.  or  at  300  C.  than  when  soaked  at  200  C. 

Braun  (10)  has  recently  described  in  connection  with  the  treatment 
of  cereals  for  seed-borne  diseases  a  successful  method  of  presoaking 
which  is  said  to  stimulate  germination  and  early  growth  at  the  same 
time  that  it  increases  the  efficiency  of  the  sterilization  treatments. 
Braun  used  a  minimum  quantity  of  water  and  limited  the  soaking  time. 

Wollny  {45),  Kraus  (31),  and  Hiltner  (21)  reached  conflicting  con- 
clusions, which  Eberhart  (16)  attempted  to  harmonize,  as  to  the  effects 
of  presoaking  cereals  and  other  seeds  upon  the  resulting  crop  yield.  All 
these  except  Hiltner  (21)  agreed  that  presoaking  under  certain  condi- 
tions has  a  very  marked  effect  in  increasing  crop  yield.  The  seeds  were 
sometimes  sowed  moist  and  sometimes  after  a  period  of  drying,  which 
did  not  seem  to  destroy  the  beneficial  effects.  Characteristic  differences 
were  observed  at  different  stages  of  development  between  the  plants 
from  the  controls  and  those  from  the  treated  seeds.  Wollny  (45)  attrib- 
uted the  effects  to  coat  changes  which  allow  a  more  rapid  water  intake 
and  initiate  a  more  vigorous  growth,  though  the  percentage  germinating 
is  usually  lessened,  as  Kraus  (31)  also  decided.  Eberhart  (16)  agreed 
that  the  permeability  of  the  seed  coats  to  water  is  increased  by  the  pre- 
soaking as  also  by  favoring  ether  treatments  and  that  this  increase  is 
important;  but  he  concluded  that  protoplasmic  alterations  also  must 
be  involved,  since  the  effect  is  not  temporary  but  persists  throughout 
the  growing  period. 

As  already  stated,  the  majority  of  the  germination  tests  in  this  investi- 
gation were  made  after  soaking  the  grain  about  one-half  hour  in  running 
water.  The  grains  to  be  tested  for  germination  were  placed  in  the  bot- 
toms of  Gooch  crucibles,  which  were  then  stacked  in  columns  of  not  more 
than  12  in  ring-stand  supports.  Tap  water  at  approximately  180  C. 
from  a  spigot  which  gave  a  spattering  stream,  so  that  the  water  must 
have  been  well  charged  with  atmospheric  air  as  it  bathed  the  grain,  was 
then  allowed  to  run  through  the  entire  columns.  The  object  of  this  pre- 
soaking was  to  wash  the  seeds  as  free  as  possible  of  microorganisms  and 
also  to  remove  or  precipitate  (by  means  of  chlorids  in  the  water)  the  silver 
nitrate  remaining  on  the  grain  in  those  tests  in  which  the  grain  had  been 
sterilized.  There  is  no  reason  to  believe  that  there  were  any  harmful 
effects  from  this  treatment. 
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One  sample  each  of  fresh  wheat,  oats,  and  barley  was  soaked  in  tap 
water  at  room  temperature  i  hour  and  5  hours  in  lots  of  50  seeds  each, 
which  were  then  put  to  germinate  at  160  and  at  250  C.  During  the  soak- 
ing the.  seeds  were  covered  about  1  inch  deep  with  water.  The  germina- 
tion time  was  reckoned  from  the  time  when  the  soaking  was  begun. 
Table  II  shows  the  results  of  the  germination  tests. 

One  hour's  presoaking  greatly  increased  and  5  hours'  presoaking  slightly 
increased  the  germination  within  the  first  31  hours,  but  presoaking  even 
for  1  hour  greatly  reduced  the  percentage  which  germinated  in  4  days 
in  case  of  oats  and  barley  but  did  not  affect  it  in  the  case  of  wheat.  The 
harmful  effect  of  the  presoaking  was  much  greater  when  the  subsequent 
germination  test  was  made  at  250  C.  than  when  the  germination  temper- 
ature was  1 6°. 


Table  II. — Effect  of  presoaking  I  and  5  hours  in  excess  of  standing  -water  upon  subse- 
quent germination 


Percentage  germi- 

Germina- 

nating. 

Kind  of  cereal. 

tion  tem- 
perature. 

Hours 
soaked. 

ii  hours." 

4  days. 

°C. 

■ 

O 

0 

IOO 

16 

\              I 

76 

IOO 

Wheat 

1 

1           5 
0 

12 
IO 

96 

68 

25 ! 

•1           1 

16 

70 

I          5 

16 

62 

■ 

0 

0 

98 

16 

\           1 

46 

68 

Barley 

1          5 
0 

4 
4 

68 

76 

25 

',           1 

34 

46 

I          5 

8 

18 

:        1 

0 

0 

98 

16 

■!       1 

28 

54 

Oats 

I      5 
0 

26 

26 

58 

96 

25 

1      1 

26 

34 

■ 

I      5 

8 

32 

«  Reckoned  from  the  time  the  soaking  was  begun. 


In  order  to  get  an  idea  of  the  progress  of  imbibition  as  affected  by  pre- 
soaking, 50  seeds  of  known  weight  of  one  poorly  germinating  sample  each 
of  wheat,  oats,  and  barley  were  soaked  one  hour  in  small  vials  after 
which  the  water  was  poured  off.  The  grain  was  emptied  upon  a  blotting 
paper,  the  surface  water  was  rapidly  removed  by  rubbing  with  another 
small  piece  of  blotting  paper,  and  the  percentage  of  increase  in  weight 
was  determined  in  comparison  with  control  lots  on  moist  blotting  paper 
in  Petri  dishes.  The  presoaked  grain  was  then  placed  on  moistened 
blotting  paper  in  Petri  dishes,  from  which  it  was  removed  from  time  to 
time  and  its  increase  in  weight  determined  in  comparison  with  the  control 
lots.  During  the  first  eight  or  nine  hours  the  grain  was  at  room  tem- 
perature, and  thereafter  in  an  incubator  at  50  C.  to  prevent  germination. 
Table  III  shows  the  percentage  of  increase  in  wieght  of  these  lots  of  grain 
up  to  the  end  of  the  third  day. 


jan.  13,1923    Forcing  the  Germination  of  Freshly  Harvested  Wheat       85 

The  rate  of  imbibition  during  the  first  hour  was  very  much  greater  for 
the  presoaked  lots  than  for  the  controls.  The  presoaked  oats  continued 
absorbing  water  faster  than  the  controls  for  several  hours  on  wet  blotters, 
while  the  presoaked  wheat  was  absorbing  water  faster  at  the  end  of  72 
hours  than  the  control.  With  all  three  kinds  of  grain  the  difference  in 
moisture  content  at  the  end  of  the  presoaking  period  was  practically 
maintained  up  to  the  end  of  the  three  days.  There  was  scarcely  any 
tendency  for  the  moisture  content  of  the  soaked  lots  and  the  controls  to 
become  equalized  within  that  time.  This  seems  to  indicate  that  the 
thorough  wetting  of  the  surface,  displacing  the  surface  film  of  air,  in 
the  case  of  the  presoaked  grain  had  established  favorable  conditions  for 
the  capillary  movement  of  water  over  the  surface  of  the  grain  toward  the 
proximal  region  at  which  Schroeder  (38)  and  Collins  (12)  have  shown  that 
nearly  all  water  intake  occurs  and  tended  to  increase  permanently  the 
imbibitional  power  of  the  presoaked  grain.  Wheat  showed  less  difference 
between  presoaked  lots  and  controls  than  did  barley  or  oats. 

The  high  rate  of  water  absorption  during  and  immediately  following  the 
period  of  presoaking  probably  accounts  for  the  early  beginning  of  germi- 
nation of  presoaked  grain,  and  undoubtedly  the  thorough  filling  of  coat 
structures  with  unaerated  water  retards  gaseous  exchange,  explaining  the 
reduction  in  germination  capacity  resulting  from  presoaking  in  excess  of 
water.  It  is,  however,  impossible  to  consider  coat  limitations  to  the 
total  water-absorbing  power  as  the  cause  of  poor  germination  of  the 
freshly  harvested  grain,  since  the  quantity  absorbed  by  even  the  control 
lots  by  the  end  of  the  third  day  must  be  far  in  excess  of  the  minimum 
amount  required  for  germination. 

Table  III. — Percentage  of  increase  in  weight  on  wet  blotters  of  grain  presoaked  1  hour 

in  comparison  with  controls  not  soaked  a 


Number  of  hours.* 


I 

2 

4 

8K 

24 

48 

72 

Moisture  content  after  72  hours 
(percentage  of  dry  weight) . 


Percentage  of  increase  in  weight. 


Wheat. 


Pre- 
soaked. 


15-7 
21.3 
29. 
40. 
C46. 
53- 


5»-3 


si.  4 


Control. 


8.9 
13-4 
23-3 

34-  1 
40.  1 

46.7 
c  So- 4 

71.4 


Oats. 


Pre- 
soaked. 


Control. 


38.7 
46.7 

59-8 

75-7 
80.4 
87.9 
86.6 

114.  o 


13-  1 
16.  1 

26.  1 

37-3 
47.2 

57-4 
c  60.8 

84-3 


1 


Barley. 


Pre- 
soaked. 


25-4 
32.2 

42.3 
56.6 

63-S 
69.  2 

72.  O 

IOO.  O 


Control. 


8.4 

15-7 
28.4 

36-5 
46.  2 

55-4 
c  60.8 

83-9 


o  Grain  held  for  first  8  or  9  hours  at  room  temperature,  then  at  50  C 

*  Times  given  are  only  approximate  for  oats  and  barley,  but  the  time  was  always  the  same  for  a  pre- 
soaked lot  and  its  control. 

c  One  or  more  beginning  to  germinate. 

EFFECT   OF   STERILIZATION   WITH   SILVER   NITRATE   SOLUTION 


For  use  in  the  comparative  germination  tests  at  different  temperatures 
to  be  discussed  in  a  later  section,  grain  of  the  samples  which  were  badly 
infected  with  microorganisms — about  one-half  of  the  total  number  of 
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samples — was  sterilized  for  five  minutes  in  a  i  per  cent  solution  of  silver 
nitrate  4  with  subsequent,  thorough  washing.  Concurrent  comparative 
germination  tests  of  a  number  of  samples  with  and  without  previous 
sterilization  of  the  grain  showed  that  the  sterilization  had  no  effect  upon 
germination  except  to  increase  that  of  grain  which  molded  badly  without 
such  sterilization. 

Additional  trials  showed  that  wheat  with  not  more  than  10  to  12  per 
cent  moisture  could,  with  impunity,  be  immersed  two  minutes  in  a  1  per 
cent  silver-nitrate  solution  even  after  cutting  off  the  distal  end,  provided 
that  the  washing  was  very  thorough.  The  cut  surfaces  of  the  endosperm 
subsequently  darkened  but  germination  did  not  suffer.  A  small  per- 
centage germinated  even  after  the  embryo  had  been  scratched  with  a 
needle  followed  by  two  minutes  in  1  per  cent  silver  nitrate  and  thorough 
washing.  Of  course,  a  majority  of  the  grains  thus  treated  could  not 
escape  serious  injury.  This  would  be  the  case  also  with  grains  cracked 
or  mutilated  by  thrashing  or  handling. 

INFLUENCE  OF  THE   SEED   BED   UPON   GERMINATION 

The  result  of  the  imbibition  experiments  and  of  the  germination  tests 
after  presoaking  suggested  an  attempt  to  secure  by  the  use  of  a  suitable 
germinating  bed  as  much  as  possible  of  the  accelerating  effects  of  the 
presoak  without  its  undesirable  effects  upon  germinating  capacity. 

Trials  were  therefore  made  in  100-mm.  Petri  dishes  with  one  rather 
poorly  germinating  sample  each  of  wheat,  barley,  and  oats,  using  seed 
beds  of  different  character  and  moisture  content. 

For  seed  bed  the  following  were  used :  (1)  Four  circular  disks  of  heavy 
blue  blotting  paper;  (2)  raw  cotton  of  low  absorbing  capacity;  (3) 
Johnson  &  Johnson  absorbent  cotton.  When  blotting  paper  disks  were 
used  the  grain  was  tested  both  on  top  of  the  four  disks  and  between  the 
second  and  third  disks. 

Four  blotting  paper  disks  weighed  from  7^  to  8  gm.  It  required  from 
12  to  13^  cc.  of  water  to  saturate  them  and  then  1  cc.  additional  made 
sufficient  excess  to  drip  when  the  uncovered  Petri  dishes  were  a  little 
more  than  half  inverted.  This  additional  amount  of  water  was  all 
absorbed  by  the  blotters  in  the  next  two  or  three  hours.  For  the  germi- 
nation tests  between  blotters  just  the  amount  of  water  required  to  satu- 
rate the  blotters  was  used  in  each  case.  For  the  germination  tests  on 
top  of  the  blotters  1  cc.  was  added. 

The  Johnson  &  Johnson  absorbent  cotton  in  each  dish  weighed  only 
1.8  gr.  (less  than  one-fourth  as  much  as  the  blotters)  and  was  saturated, 
when  firmly  pressed  down,  with  1 1  cc.  of  water.  The  addition  of  6  cc. 
of  water  was  then  not  sufficient  to  allow  any  to  drip  when  the  uncovered 
dish  was  a  little  more  than  half  inverted.  Thus  the  water-holding 
capacity  of  the  absorbent  cotton  was  greater  than  that  of  four  times  as 
great  weight  of  the  blotters ;  and  of  this  large  amount  of  water  held  by 
the  cotton  without  flooding  the  seeds  five  or  six  times  as  much  was 
readily  available  for  rapid  absorption  by  the  seeds. 

In  the  germination  tests  the  amount  of  water  required  to  saturate  the 
cotton  (11  cc.)  was  used  in  comparison  with  other  tests  using  2  cc.  less 
and  6  cc.  more  water. 

4  A  solution  of  silver  nitrate  is  a  very  desirable  medium  for  surface  sterilization  on  account  of  the  ease 
with  which  it  can  be  removed  or  precipitated  as  the  chlorid,  the  tenacity  with  which  the  silver  chlorid  is 
held  on  the  coat  structures,  and  the  consequent  relatively  permanent  sterility  conferred. 
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The  same  weight  of  raw  cotton  was  used  as  of  the  Johnson  &  Johnson 
cotton  (1.8  gr.  in  each  dish).  Into  this  was  carefully  worked  as  much 
water  as  it  could  be  made  to  hold,  and  the  excess  was  then  squeezed  out 
and  poured  off.  The  amount  retained  could  not  be  accurately  deter- 
mined but  was  about  10  cc.  in  each  dish. 

Table  IV  gives  the  result  of  the  germination  tests  at  200  C.  Fifty 
seeds  were  used  in  each  test. 

With  barley  and  oats  concurrent  tests  were  made  at  io°,  130  170, 
and  25  °  C.  The  best  results,  especially  as  to  rapidity  of  germination, 
were  obtained  between  saturated  blotters  and  on  top  of  the  super- 
saturated absorbent  cotton.  Raw  cotton  and  the  only  partially  satu- 
rated absorbent  cotton  gave  very  poor  results.  In  additional  tests  upon 
absorbent  cotton  using  somewhat  more  than  17  cc.  of  water,  the  harm- 
full  effects  of  flooding  the  grain  with  an  excess  of  water  became  evident. 
The  quantity  used  should  not  be  enough  so  that  any  can  be  easily  poured 
off  from  the  Petri  dishes,  and  the  grains  should  be  allowed  to  rest  lightly 
upon  the  cotton  instead  of  being  pressed  into  it  so  that  the  water  sur- 
rounds them. 

The  wheat  was  less  sensitive  to  moisture  conditions  than  the  oats 
and  barley,  and  the  results  were  conflicting.  Some  other  samples,  tested 
at  other  times,  seemed  to  be  more  sensitive  than  the  one  used  in  this 
series,  and  the  optimal  moisture  conditions  were  the  same  as  for  oats 
and  barley. 

In  germination  tests  at  io°,  130,  and  170  C,  the  percentage  of  germi- 
nation varied  less,  according  to  seed  bed  and  amount  of  moisture  used, 
than  at  200,  being  between  90  per  cent  and  100  per  cent  in  nearly  all 
cases.  The  relation  between  moisture  supply  and  rapidity  of  germina- 
tion, however,  was  the  same  as  at  200,  germination  being  most  rapid 
between  blotters  and  on  top  of  supersaturated  absorbent  cotton  and 
least  rapid  on  raw  cotton  and  partially  saturated  absorbent  cotton. 
At  25  °  germination  was  very  poor  and  the  effect  of  moisture  supply 
was  greater  than  at  200. 

At  all  temperatures,  the  best  root  development  was  obtained  between 
blotters  and  the  most  rapid  epicotyl  development  on  top  of  supersatu- 
rated absorbent  cotton. 

Table   IV. — Germination  at  20°  C.  on  different  seed  beds  and  with  varying  amounts  of 

moisture 


Seed  bed. 


On  top  of  blotters  . 
Between  blotters  . . 

Raw  cotton 

J.  &  J.  cotton 

J.  &  J.  cotton 

J,  &  J.  cotton 


Cc.  water. 


Percentage  germinated. 


Wheat. 


3 
days. 


5  8 

days.  :  days. 


13-14-  5 

36 

12-13-5 

56 

a  IO 

22 

17 

58 

11 

46 

9 

64 

76 
76 
84 

88 
88 
90 


80 
82 
92 
92 
88 
94 


Barley. 


3 
days. 


20 
28 

4 
60 
16 

4 


5  8 

days.    days. 


40 
68 
32 
64 

52 
32 


40 
72 
32 
64 

52 

3^ 


Oats. 


3 
days. 


24 

58 
16 
48 
24 
16 


5 
days. 


92 
88 
76 

92 

72 
80 


8 
days. 


92 
92 
76 
92 
84 

88 


o  About. 
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EFFECTS   OF    MECHANICAL  TREATMENTS 

I.    WOUNDING 

Hiltner  (21),  Atterberg  (6),  and  Kiessling  (28)  improved  the  germina- 
tion of  various  freshly  harvested  cereals  by  pricking  or  cutting  the  endo- 
sperms. Similar  results  were  obtained  by  Zade  (47)  and  by  Atwood  (7) 
with  not  after-ripened  wild  oats,  by  Harrington  (ig)  with  not  after-ripened 
Johnson  grass  seed,  and  by  Andrews  and  Beals  (j)  with  fully  after-ripened 
maize.  Hiltner  (21)  and  Atterberg  (6)  combined  the  wounding  treatment 
with  presoaking,  to  which  the  results  were  in  part  attributed.  Various 
interpretations  of  the  favorable  effects  of  the  wounding  have  been  put 
forward. 

In  wild  oats,  Atwood  (7)  showed  that  the  effect  of  the  wounding  is 
undoubtedly  due  to  increased  oxygen  intake,  oxygen  deficiency  being 
responsible  for  inability  to  germinate.  Atwood's  results  with  cultivated 
oats  also  indicate  that  increased  oxygen  supply  may  be  involved  in  the 
effect  with  oats.  Hiltner  (21)  believed  that  the  wounding  increases 
germination  by  allowing  imbibition  of  sufficient  moisture,  and  others  have 
spoken  of  enzymic  activity  being  initiated  by  the  admission  of  oxygen 
and  the  oxidative  transformation  of  proteins. 

Kiessling  (28)  discredited  all  explanations  of  after-ripening  which  are 
based  on  coat  exclusions.  Since  immediately  closing  the  wounds  with 
paraffine  did  not  prevent  the  favorable  effect  of  the  wounding  he  believed 
that  the  effect  of  wounding  is  reached  by  exerting  a  "stimulus"  upon  the 
living  protoplasm  as  in  his  interpretation  of  the  effects  of  heat  and  cold 
on  a  stimulus  basis.  Behrens  (8)  came  to  the  same  conclusion,  and 
Zade's  dissertation  also  includes  some  data  which  might  be  thought  to 
favor  the  idea  that  the  dormant  embryo  of  wild  oats  is  in  a  state  of 
exceedingly  delicate  equilibrium  and  responds  readily  to  mechanical 
shocks.  But  in  the  case  of  Zade's  work,  it  is  probable  that  the  rubbing 
of  the  embryo,  which  he  interprets  as  causing  mechanical  stimulation  of 
the  embryo  protoplasm,  in  reality  increased  the  permeability  of  the  coats 
to  oxygen,  thus  supplying  the  increased  amount  of  oxygen  which  Atwood 
later  showed  to  be  necessary.  Furthermore,  Kiessling's  stimulus 
hypothesis  is  difficult  to  accept  on  account  of  the  mechanical  obstructions 
in  the  path  of  conduction  to  the  embryo  of  any  wound  stimulus  exerted 
upon  the  endosperm.  The  only  path  through  the  medium  of  living  cells 
seems  to  be  by  way  of  the  aleurone  layer,  which  has  no  organic  union  with 
the  embryo. 

In  the  investigations  herein  reported  two  methods  of  wounding  were 
adopted,  both  of  which  had  been  found  to  be  very  effective  in  causing 
the  germination  of  dormant  Johnson  grass  seed  (19),  namely,  (1)  cutting 
off  the  distal  end  of  the  grain  just  back  of  the  embryo  and  germinating 
the  embryo  end  alone,  and  (2)  scratching  the  embryo  itself  along  the  entire 
length  of  one  side  of  the  scutellum  by  means  of  a  bent  dissecting  needle. 
The  axial  organs  were  avoided,  but  the  scutellum  was  rather  deeply 
wounded.     Only  a  few  lots  were  treated  in  either  of  these  ways. 

When  the  distal  ends  were  cut  off  and  discarded  the  embryo  ends  of 
uil  lots  of  barley  and  oats  and  all  but  one  lot  of  wheat  so  treated  showed 
nearly  complete  germination  at  room  temperature  in  from  three  to  six 
days,  but  a  marked  tendency  to  decay  after  the  treatment  reduced  the 
percentage  of  healthy  seedlings  from  some  unsterilized  lots  below  that 
for  the  controls.     One  lot  of  wheat  showed  100  per  cent  germination  in 
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three  days  after  treatment,  against  56  per  cent  in  three  days  and  64 
per  cent  in  five  days  in  the  control.  The  only  lot  which  failed  to  germi- 
nate well  after  treatment  was  a  lot  of  scarcely  ripe  wheat  freshly  harvested 
from  the  standing  plants  and  carrying  nearly  30  per  cent  (wet-weight 
basis)  of  moisture.  This  lot  germinated  16  per  cent  in  six  days  after 
treatment  and  failed  to  germinate  at  all  in  the  control.  Probably  if 
comparable  lots  of  oats  and  barley  had  been  treated  in  the  same  way 
the  germination  would  have  been  no  better. 

Simply  removing  the  hulls  from  poorly  germinating  lots  of  oats  and 
barley  slightly  increased  their  germination. 

Scratching  the  embryo  had  much  more  effect  than  cutting  off  the  distal 
end,  inducing  practically  complete  germination  in  two  or  three  days 
of  all  lots  thus  treated  except  the  one  lot  of  wheat  which  was  least  affected 
by  cutting  of  the  distal  end.  This  germinated  86  per  cent  in  six  da}'S, 
while  the  control  failed  to  germinate  at  all.  The  tendency  to  decay  was 
much  less  than  when  the  endosperms  were  removed,  apparently  on 
account  of  germicidal  properties  of  the  wounded  embryos. 

2.    REMOVAL   OP   THE  COAT   STRUCTURES   WITH   CONCENTRATED   SULPHURIC   ACID 

This  treatment  also  has  been  found  very  successful  with  dormant 
Johnson  grass  seed  (19).  In  this  investigation  it  was  used  only  with 
wheat.  It  is  classed  as  a  mechanical  treatment  because  its  effect  appar- 
ently depends  entirely  upon  the  removal  or  weakening  of  the  coat  struc- 
tures over  the  embryo.  The  grain  was  immersed  in  the  concentrated 
acid  for  from  30  seconds  to  5  minutes,  washed  in  sodium-bicarbonate 
solution,  rubbed  free  from  as  much  as  possible  of  the  disintegrated 
tegumentary  structures,  and  finally  washed  for  about  half  an  hour  in 
running  water.  The  first  part  of  the  coat  to  be  visibly  affected  was 
that  over  the  radicle,  which  became  slightly  charred  in  30  seconds. 
After  3  minutes'  treatment  nearly  the  entire  coverings  rubbed  off  readily 
except  over  the  edges  of  the  scutellum  and  over  the  distal  end  of  the 
caryopsis.  Even  after  5  minutes  these  parts  were  not  wholly  bared. 
The  most  rapid  and  complete  germination  was  secured  after  3  to  5 
minutes'  treatment,  but  the  acceleration  was  quite  noticeable  when  the 
treatments  lasted  only  30  seconds,  therefore  only  slightly  weakening  the 
coat  but  probably  effecting  its  permeability  to  a  marked  degree.  This 
was  the  most  effective  of  all  the  mechanical  treatments,  causing  complete 
and  prompt  germination  of  the  most  resistant  sample;  but  it  is  almost 
as  tedious  as  the  others  and  entails  great  danger  of  subsequent  decay. 

In  all  probability,  the  effect  of  all  mechanical  treatments  here  reported 
depends  fundamentally  upon  the  same  cause,  which  may  be  either  (1) 
relieving  the  axial  parts  of  the  embryo  of  some  inhibiting  substance  by 
diffusion  outward,  or  (2)  an  increase  in  respiration  or  an  alteration  in  its 
nature  by  allowing  more  ready  exchange  of  ox3rgen  and  respiratory 
products,  or  (3)  a  more  obscure  "stimulus"  to  the  living  protoplasm. 
Possibly,  also,  a  similar  stimulation  of  the  epithelial  layer  of  the  scutellum 
plays  at  least  a  secondary  part  when  the  endosperm  end  of  the  caryopsis 
is  removed  or  the  scutellum  is  wounded  by  scratching.  In  this  connec- 
tion, it  should  be  said  that  simply  rubbing  off  the  thin  membrane  which 
remained  over  the  embryo  of  barley  after  the  imbibed  naked  caryopses 
were  removed  from  the  scales  also  induced  quick  and  complete  germina- 
tion of  the  most  troublesome  sample.  The  embryos  were  injured, 
however,  sufficiently  to  cause  some  of  the  elongating  coleoptiles  to  curve 
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abnormally  upward  on  account  of  more  rapid  growth  on  the  under  than 
on  the  upper  side.  The  possibility  of  a  wound  stimulus  is  therefore  not 
eliminated. 

GERMINATION    AT    DIFFERENT    TEMPERATURES 

Atterberg  (6)  was  perhaps  the  first  to  call  attention  to  the  favorable 
effect  of  cool  temperatures  upon  the  germination  of  not  after-ripened 
cereals.  He  considered  after-ripening  as  simply  the  continuation  of  the 
normal  process  of  ripening,  and  recommended  that,  with  cereals  too 
unripe  to  germinate  well  at  from  130  to  150  C.  the  germination  test  be 
preceded  by  drying  for  eight  days  at  400  C.  He  also  found  that  the 
use  of  alternating  temperatures  sometimes  increased  germination  of  such 
grain.  Kiessling  (2c?)  got  better  germination  at  120  to  i6&  C,  than  at 
180  to  230  C,  as  late  as  November  and  better  at  io°  to  140  C.  than  at 
1 8°  to  220  C.  until  late  stages  of  after-ripening,  when  the  comparison  was 
reversed.  Recently,  Stapledon  and  Adams  (jo)  stated  that  from  120 
to  150  C,  gave  best  results  with  nearly  all  samples  of  fresh  cereals.  Of 
course  at  the  low  temperatures  the  rate  of  development  is  very  slow  and 
germination  therefore  has  to  be  counted  very  "closely"  or  else  the 
germination  test  has  to  be  continued  over  a  longer  period. 

An  alternative  is  to  transfer  the  grain  to  a  higher  temperature  for  an 
additional  day  or  two  as  soon  as  practically  all  have  begun  to  germinate. 

Table  V  summarizes  the  results  of  a  large  number  of  germination 
tests  at  different  temperatures. 

The  very  favorable  effects  of  temperatures  well  below  2o°C.  is  strikingly 
evident.  With  oats  and  barley  the  highest  average  total  percentages 
of  germination  in  two  weeks  were  secured  at  50  and  90.  There  were 
very  considerable  differences  in  response  to  temperature  between  indi- 
vidual samples  of  each  kind  of  cereal. 

Table  V. — Germination  at  different  temperatures 

AVERAGE  PERCENTAGE  BEGINNING  TO  GERMINATE  AT  DIFFERENT  TEMPERATURES 


Kind  of  cereal. 

Number 

of 
samples. 

Number 

of 

days. 

S°C 

9°C. 

12°  C 

i6°C 

19°  c. 

22*  C 

Wheat 

Oats 

16 
7 

{   ; 
j  ; 

1  n-14 

5 

94 

1 

32 
87 

54 

99 
2 

69 

88 

89-5 

99 
26 

79 
85 

89 

99 

41 
7i 

77 

88 

95 
37 
65 

72 

53 

85-5 
28 

55 
68 

Barley 

3 

1   l 

{  n-14 

0 
28 
95 

1 

63 

94 

3 
67 
86 

17 

63 
80 

13 
45 

5 
24 

I 


PERCENTAGE  OF  GERMINATION  OF  SAMPLES  SHOWING  MAXIMUM  TEMPERATURE  EFFECT 


Wheat 
Oats... 
Barley 


{ 

2 

0 

0 

5° 

40 

22 

5 

88 

96 

98 

84 

40 

{ 

5 

44 

48 

84 

94 

66 

5 

82 

94 

92 

68 

S2 

I 

5 

20 

80 

86 

80 

56 

16 
50 
48 

20 
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A  number  of  the  poorer  germinating  samples  of  wheat  were  kept  in 
the  germinators  for  two  weeks.  With  these,  as  with  oats  and  barley, 
nearly  all  the  grains  previously  ungerminated  began  to  develop  at  the 
lower  temperatures,  but  the  germination  of  several  samples  remained 
far  from  complete  at  190  C.  and  especially  at  220. 

When  barley  and  oats  were  kept  in  the  cool  germinators  for  the  longer 
period,  the  endosperms  usually  became  fluid  and  milky,  while  the  later 
appearing  germinations  were  often  abnormal  and  weak.  It  is  question- 
able, therefore,  whether  these  should  be  counted  as  germinated.  Atter- 
berg's  (6)  combination  of  artificial  drying  with  subsequent  germination  at 
cool  temperature  should  be  used  with  such  samples.  No  such  doubt  is 
attached  to  the  result  with  wheat,  or  to  the  early  appearing  germinations 
of  barley  and  oats. 

A  temperature  somewhat  lower  than  200  C.  is  of  advantage  also  in 
making  germination  tests  of  older  samples  of  cereals.  Probably  about 
1 6°  is  the  optimum.  The  percentage  of  germination  of  old  samples  fre- 
quently is  slightly  greater,  and  never  is  significantly  less  than  at  200, 
the  development  of  the  seedlings  is  sufficiently  rapid,  and  the  tendency 
to  mold  or  decay  is  markedly  less  than  at  200.  The  results  of  this  inves- 
tigation show  this  to  be  true  with  oats  and  wheat,  and  incidental  refer- 
ences in  the  literature  on  germination  indicate  that  it  is  probably  true 
also  of  barley  and  rye. 

Several  samples  of  spring  wheat  were  very  poorly  developed  on  ac- 
count of  the  rust  epidemic,  the  selected  grains  for  some  samples  being 
hardly  more  than  half  normal  weight.  Nevertheless,  these  samples  re- 
sponded as  well  to  the  mechanical  treatments  described  in  the  previous 
section  and  to  low  temperatures  as  did  the  well-matured  samples. 

The  use  of  relatively  low  germinating  temperatures  for  winter  cereals 
has  the  added  advantage  of  simulating  much  more  nearly  the  conditions 
under  which  the  grain  would  germinate  in  the  field.  Planted  in  the  fall, 
it  has  cool  nights  at  least,  and  soon  the  average  soil  temperature,  even 
in  the  day,  is  well  below  200  C.  Furthermore,  Aderhold  (/),  Appel  and 
Gassner  (4),  Gutzeit  (18),  Gassner  (17),  and  Walster  (45)  have  shown  that 
the  exposure  of  different  kinds  of  seed  or  very  young  seedlings  to  low 
temperatures — always  well  below  200  C  and  frequently  around  o° — has  a 
very  marked  effect  upon  the  subsequent  development  of  the  plant.  In 
the  case  of  cereals  (especially  winter  cereals)  this  effect  is  decidedly 
beneficial,  since  it  promotes  an  early,  uniform,  and  abundant  fruitage. 
The  formative  effect  of  temperature  upon  the  plastic  organs  of  plants 
has  recently  been  further  illuminated  by  Child  and  Bellamy  (11).  All  of 
these  investigations  taken  together  open  up  a  very  interesting  field  for 
further  study  in  connection  with  the  after-ripening  and  germination  of 
cereals. 

EFFECT   OF   INCREASED   OXYGEN  PRESSURE   UPON   GERMINATION 

As  indicated  in  earlier  pages  Atwood  (7)  has  found  increased  oxygen 
pressures  efficient  in  forcing  the  germination  of  dormant  wild  oats, 
Kiessling  (28)  obtained  similar  results  with  tame  oats  and  also  found 
oxygen  treatments  helpful  in  increasing  the  germination  of  barley  in 
the  early  stages  of  after-ripening  but  harmful  in  the  later  stages  of  after- 
ripening.  Kondo  (jo)  concluded  that  after-ripening  in  rice  consisted  of 
a  process  of  oxygen  storage  and  enzym  formation  and  that  the  bene- 
ficial effect  of  drying  was  related  to  increase  oxygen  entrance.     Hoffman 
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(23)  elaborated  a  similar  hypothesis,  so  far  as  oxygen  is  concerned,  to 
explain  the  after-ripening  of  cereals. 

On  the  other  hand,  Kiessling,  in  the  article  just  referred  to,  showed 
that  barley  after-ripened  more  slowly  in  atmospheres  in  which  two- 
thirds  of  the  normal  air  was  replaced  by  oxygen  than  in  unaltered  at- 
mospheric air,  and  also  that  the  beneficial  effect  of  heating,  either  with 
or  without  simultaneous  drying,  was  not  dependent  upon  the  partial 
pressure  of  oxygen  during  the  period  of  heating.  Takahashi  (41), 
Nagai  (37) ,  and  Akemine  (2)  have  all  shown  that  fully  after-ripened  rice 
germinates  and  develops  considerably  in  entire  or  almost  entire  ab- 
sence of  oxygen,  and  Lukas  (33)  found  that  fully  after-ripened  oats  and 
maize,  as  well  as  some  other  seeds,  germinated  more  rapidly  in  reduced 
air  pressure  (therefore  reduced  partial  pressure  of  oxygen)  than  in 
normal  air.  The  behavior  of  rice  is  undoubtedly  related  to  its  ecology, 
this  grain  being  adapted  for  germination  under  water,  as  are  the  seeds 
of  many  water  plants  (13,  14). 

From  Kiessling's  (28)  and  Lukas's  (33)  results,  it  would  seem  either 
that  the  oxygen  requirements  of  the  embryos  decreased  during  after- 
ripening,  or  else  that  increasing  permeability  of  the  coat  structures 
during  the  after-ripening  rendered  oxygen  in  a  given  partial  pressure 
more  available  for  the  use  of  the  embryo.  Atwood's  (7)  results  show 
that  the  latter  is  probably  the  case  with  wild  oats,  while  the  work  of 
the  Japanese  workers  favors  the  former  explanation  with  rice. 

In  this  investigation,  increased  partial  pressures  of  oxygen  were  used 
in  testing  the  germination  capacity  of  a  number  of  not  after-ripened 
samples  of  wheat.  The  apparatus  used  consisted  of  a  small  battery 
jar  inverted  within  a  larger  battery  jar  so  that  two  or  three  litres  of 
gas  was  imprisoned  over  a  water  seal.  The  grain  was  tested  on  moist 
blotting  paper  in  open  Petri  dishes  floated  on  large  corks  within  the 
small  inverted  battery  jars,  using  100  grains  for  each  test.  Increasing 
the  percentage  of  oxygen  in  the  atmosphere  to  36  per  cent  had  appar- 
ently the  maximum  effect  on  germination.  With  this  percentage  85 
per  cent  of  one  sample  of  wheat  germinated  in  five  days  against  44  per 
cent  with  the  normal  20  per  cent  of  oxygen,  while  the  amount  of  growth 
was  nearly  twice  as  great.  With  higher  partial  pressures  of  oxygen,  the 
percentage  of  germination  was  about  the  same  as  with  36  per  cent,  but 
the  rate  of  growth  was  less. 

WATER   CONTENT   IN   RELATION  TO   GERMINATION 

Some  of  the  earlier  workers  on  after-ripening  of  cereals  and  the  effect  of 
artificial  drying  attempted  to  establish  a  relation  between  the  moisture 
content  of  the  seeds  or  alternations  therein  immediately  preceding  the 
germination  test  on  the  one  hand  and  germination  on  the  other  hand. 
As  shown  in  a  previous  section,  artificial  drying  has  usually  had  a  bene- 
ficial effect.  However,  Atwood  (7),  Kiessling  (28),  Kondo  (30)  and 
others  have  shown  in  articles  already  cited  that  after-ripening  takes  place 
also  when  loss  of  water  is  prevented  or  even  when  more  water  is  absorbed 
by  the  grain  during  the  period  of  after-ripening.  Besides  the  frequently 
favorable  effect  of  presoaking  as  well  as  of  drying  is  opposed  to  the  view 
that  the  germinating  capacity  of  not  after-ripened  grain  is  quantitatively 
related  to  its  water  content  at  the  time  the  germination  test  is  made.  The 
relations  involved  go  deeper,  are  less  simple,  and  involve  many  other  fac- 
tors than  moisture. 
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The  author  has  found  no  quantitative  relation  between  moisture  con- 
tent and  germinating  capacity.  For  instance,  some  samples  of  wheat 
collected  from  the  shocks  with  12  to  13  per  cent  moisture  content  ger- 
minated well  at  room  temperature  soon  after  collection,  before  their 
moisture  content  had  fallen  appreciably,  while  other  samples  collected 
and  tested  at  the  same  time  under  the  same  conditions  and  with  the  same 
moisture  content  at  the  beginning  of  the  test  germinated  poorly.  Under 
proper  treatment  or  after  a  period  of  after-  ripening  the  latter  germinated 
as  well  as  the  former. 

In  Table  VI  the  germination  data  for  a  number  of  samples  tested  at  the 
same  time  at  room  temperature  are  arranged  according  to  the  moisture 
content  of  the  samples  on  moist-weight  basis  at  the  time  the  test  was 
begun.  Although  there  is  a  general  falling  off  of  germination  with  in- 
creasing water  content,  the  water  content  groups  overlap  in  regard  to 
germination.  All  of  the  11  samples  falling  in  the  last  column  (greater 
than  14  per  cent  moisture)  were  collected  from  the  standing  grain  and 
tested  within  six  days  after  collection.  The  relations  between  moisture 
content  and  germination  are  further  illustrated  by  the  data  for  individual 
samples  in  Table  VII. 

RATE   OF   AFTER-RIPENING-.   POSSIBLE   VARIETAL   DIFFERENCES 

Attberg  (6)  stated  that  cereals  may  pass  the  entire  winter  in  ordinary 
dry  storage  without  becoming  fully  ripe  (using  "ripe"  in  the  sense  that 
he  considers  after-ripening  as  but  a  continuation  of  normal  ripening  pro- 
cesses), and  that  1  or  2  months'  drying  at  room  temperature  may  be 
necessary.  Kinzel  (29)  stated  that  oats  reached  their  full  germinating 
capacity  in  2  months,  but  their  full  germinating  energy  only  after  8  or  10 
months. 

Table  VI. — Germination  of  freshly  harvested  cereals  of  different  moisture  content  in  5  days 

at  room  temperature 


At  moisture  content  of — 

10  to  II 
per  cent. 

11  to  12 

per  cent. 

13  tO  13 

per  cent. 

13  to  14 
per  cent. 

Greater 
than  14. 

Wheat: 

Number  of  samples 

8 

95 
100 

86 

0 

6 

93 
100 

84 

1 

70 

9 

73 

100 

26 

3 

75 
90 

52 

1 

100 

6 

59 
98 

28 

1 
48 

2 
100 

6 

Percentage  of  germination — 

Average 

26 

Maximum 

52 
0 

Minimum 

Oats: 

Number  of  samples 

2 

Percentage  of  germination — 

Average 

64 
90 

38 

3 
11 

Maximum 

Minimum 

Barley: 

Number  of  samples 

0 

0 

Percentage  of  germination — 

Average 

Maximum 

16 

Minimum 

8 

94 
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TabIvE  VII. — Variety,  length  of  time  harvested,  moisture  content,  and  germination  of 

wheat  samples 


Sample  No. 


W2... 

w3... 

W7o. 

w„.. 

W4«. 

Ws«. 

W9... 

5902. 

5900. 

w, 
w10. 

W12d. 
WI86. 


«• 


14- 


w 

w15. 

w 


17  ■ 


Variety. 


2). 


Winter 

do 

Winter  (Wisconsin  No. 

do 

do 

do 

do 

Spring  (Kruger's1) Wisconsin  Wonder). 

Winter  (Turkey  Red) 

do 

Spring  ( Blue  Ribbon) 

Spring  (Marquis) 

....do 

....do 

Volunteer  in  oat  field 

....do 

Spring 

....do 


Number 

of  days 

since 

cutting. 

Percent- 
age of 
water. 

34 

12.5 

34 

13-4 

34 

13-3 

34 

12.8 

34 

*3-3 

30 

30 

13-4 

2S 

12.  9 

24 

10.8 

23 

10.3 

17 

13.  2 

17 

12.  9 

2 

28.9 

4 

20.  4 

4 

15.0 

5 

17.  1 

6 

23.8 

5 

14.7 

Percentage  of 
germination. 


94 
86 
42 

56 
98 
28 
40 
100 

94 
92 

52 
26 
10 
16 

52 
24 

5° 
14 


4  days. 

4  days. 

5  days. 
5  days. 
2  days. 
5  days. 
5  days. 
2  days. 
2  days. 

4  days. 

5  days. 

5  days. 

6  days. 
5  days. 
5  days. 
5  days. 
5  days. 
5  days. 


<*  W;  was  from  the  outside  and  Ws  from  the  inside  of  the  same  bunch;  W<  from  the  top  and  Wi  from 
the  bottom  of  the  same  bunch. 

&  W13  was  collected  from  same  field  as  Wu  but  was  greener. 

c  W17  was  from  the  same  field  as  Wu  but  was  standing  and  was  somewhat  better  grains  than  Wu.  Wu 
had  been  cut  the  preceding  day. 

d  Wi;  to  W17  were  collected  from  standing  grain  on  a  rainy  day  and  stored  in  the  heads  in  heavy  envelopes 
until  the  day  of  the  test  for  germination. 

Table  VII  presents  such  data  as  are  available  regarding  rate  of  after- 
ripening  arranged  according  to  the  length  of  time  which  had  elapsed  be- 
tween cutting  the  grain  or  collecting  the  samples  and  the  first  germina- 
tion test.  The  tests  were  made  simultaneously  at  room  temperature. 
On  account  of  the  lack  of  time,  none  of  these  samples  were  systemati- 
cally retested  at  intervals  to  keep  track  of  the  rate  of  after-ripening. 

There  is  no  quantitative  relation  between  the  lapse  of  time  since  cut- 
ting and  germinating  capacity.  The  data  suggest  such  varietal  differences 
as  have  been  described  by  Kiessling  (28) ,  who  found  striking  differences, 
constant  from  year  to  year,  in  the  initial  dormancy  and  rate  of  after- 
ripening  of  different  varieties  and  pure  strains  of  wheat,  oats,  and  barley 
and  related  these  differences  to  differences  in  winter  hardiness  in  case  of 
winter  wheat.  Some  varieties  of  barley  after-ripened  fully  in  two  weeks, 
while  others  required  more  than  two  months.  So  far  as  the  data  in 
Table  VII  go,  they  indicated  that  Turkey  Red  winter  wheat  and  espe- 
cially Kruger's  Wisconsin  Wonder  spring  wheat  are  quickly  after- 
ripening  varieties;  Marquis  spring  wheat  and  Wisconsin  No.  2  winter 
wheat  are  slowly  after-ripening  varieties.  According  to  Kiessling's  (28) 
observations,  the  quickly  after-ripening  varieties,  germinating  sooner  and 
more  uniformly  and  becoming  better  established  before  the  advent  of  cold 
weather,  are  also  those  recognized  as  the  more  hardy  varieties.  On  this 
basis,  Turkey  Red  ought  to  be  more  resistant  to  severe  winters  than 
Wisconsin  No.  2,  which  is  a  strain  isolated  from  Turkey  Red  stock. 
This  condition  is  the  reverse  of  what  actually  obtains  in  Wisconsin  but  is 
a  matter  which  would  undoubtedly  vary  in  different  localities  and  with 
grain  from  different  sources.  This  suggested  relation  ought  to  be  fol- 
lowed up  in  further  investigations. 
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DISCUSSION 

The  work  reported  in  this  paper  does  not  warrant  an  attempt  to  discuss 
in  any  detail  the  processes  involved  in  after-ripening  of  the  cereals  or  the 
numerous  hypotheses  previously  offered  to  explain  either  these  processes 
or  the  unanalyzed  fact  of  after -ripening.  Previous  work  by  others  has 
been  cited  when  it  was  sufficiently  related  to  the  work  herein  reported. 
The  enzymic  theory  of  after-ripening  has  been  almost  entirely  neglected 
in  the  references  to  the  literature,  not  because  this  theory  does  not 
deserve  mention  but  because  the  investigation  did  not  touch  on  that 
phase  of  the  general  problem.  The  principal  aim  has  been  to  present 
the  results  which  are  of  value  in  the  practise  of  seed  testing  and  to  fortify 
these  results  by  citations  of  the  results  of  others  rather  than  to  illumine 
or  to  explain  the  physiology  of  after-ripening  or  of  germination. 

All  of  the  treatments  which  were  of  value  in  increasing  the  germination 
of  the  incompletely  after-ripened  cereals  may  logically  be  considered  in 
connection  with  their  oxygen  and  water  requirements  if  we  consider  the 
effect  of  dry  heating  to  be  to  increase  the  permeability  of  coat  structures 
to  oxygen.  But  there  is  no  proof  that  heating  has  this  effect.  It  may 
act  in  a  more  direct  way  on  the  embryo.  In  like  manner  in  the  other 
beneficial  treatments  effects  upon  the  embryo  protoplasm  are  not  always 
out  of  the  question.  The  bulk  of  the  evidence  does,  however,  seem  to 
favor  an  explanation  in  which  oxygen  and  water  relations  are  involved 
and  coat  effects  are  important.  Oxygen  relations  appear  to  be  especially 
important.  Since  the  cereals  investigated  seem  under  any  conditions  to 
absorb  much  more  water  during  the  germination  test  than  the  minimum 
required  for  their  germination  and  since  increased  oxygen  forced  germina- 
tion it  seems  probable  that  moisture  and  imbibition  effects  were  related 
to  the  effects  upon  oxygen  relations  and  respiration.  Since  the  grain 
can  be  forced  to  germination  and  vigorous  growth  at  any  time,  it  does  not 
seem  that  a  storage  of  oxygen  is  a  necessary  part  of  after-ripening  as 
postulated  by  Hoffman  {23) .  The  more  probable  explanation  is  that  the 
treatments  which  force  germination  merely  bring  about  the  necessary 
increase  in  oxygen  supply  by  removing  coat  structures  or  increasing  their 
permeability  to  oxygen  and  that  this  change  in  permeability  of  the  coat 
occurs  also  in  normal  after-ripening.  Kiessling's  (28)  results  with  heating, 
with  and  without  loss  of  moisture  and  in  atmospheres  of  various  compo- 
sitions, upon  which  his  stimulus  hypothesis  of  the  effect  of  heating  is 
based  are  at  least  as  readily  explained  on  the  basis  of  coat  permeabilities. 
This  is  the  situation  which  Atwood  (7)  found  with  wild  oats,  but  it  does 
not  hold  good  for  rice  with  which  there  must  be  either  a  storage  of  oxygen 
or  a  decrease  in  oxygen  requirements  during  after-ripening. 

Windisch  (44),  neglecting  coat  factors,  lays  emphasis  on  cell- wall 
permeability  factors  within  the  grain,  which  influence  osmotic  move- 
ments of  nutrients.  Windisch's  hypothesis  is  not  in  consonance  with 
the  ready  germination  of  the  fresh  grain  when  coat  structures  are 
removed  or  weakened. 

The  interrelations  between  moisture  content,  temperature,  coat  char- 
acteristics and  changes  therein,  oxygen  intake,  rate  of  imbibition,  rate 
and  character  of  respiratory  exchanges,  response  of  the  protoplasm  to 
wounding  and  to  the  other  treatments,  changes  in  food  reserves,  the 
formation  and  activation  of  enzyms  during  the  period  of  after-ripening 
and  under  both  normal  and  forced  germination  ought  to  be  thoroughly 
investigated,  as  well  as  the  effects  of  the  different  treatments  so  far  as 
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possible  upon  seedling  vigor,  upon  the  development  of  the  resulting 
plant,  and  upon  crop  yield.  The  work  of  Kidd  and  West  (26)  in  bringing 
together  under  the  head  of  "Physiological  predetermination"  the  result 
of  previous  work  bearing  on  the  latter  subject,  as  well  as  the  work 
referred  to  on  previous  pages,  emphasizes  the  probability  that  the  periods 
of  maturation  and  germination  of  the  seed,  and  perhaps  also  the  inter- 
vening period  of  after-ripening,  may  be  about  the  most  impressionable 
stages  in  the  life  history  of  the  plant  for  the  reception  of  influences 
which  are  capable  of  modifying  fundamentally  the  whole  future  course 
of  its  development.  In  future  investigations  along  this  line  possible 
varietal  differences  should  always  be  kept  in  mind. 

SUMMARY 

(1)  Newly  harvested  cereals  frequently  do  not  germinate  well  at  200  C. 
or  above  under  the  ordinary  conditions  for  germination  tests.  This  fact 
has  caused  difficulty  in  administering  State  seed  laws  in  the  winter- 
wheat  areas  where  harvesting  precedes  sowing  by  only  a  few  weeks  and 
the  current  crop  is  used  for  seeding. 

(2)  The  embryos  of  the  cereals  investigated  are  never  essentially 
dormant,  dormancy  being  imposed  by  coat  structures. 

(3)  Artificial  dry  heating,  opening  the  coat  structures  over  the  embryo 
with  incidental  wounding  of  the  scutella,  and  cutting  off  the  distal  ends, 
were  effective  in  varying  degree  in  inducing  the  germination  of  not  after- 
ripened  or  partially  after-ripened  wheat,  oats,  and  barley  at  room  tem- 
perature. 

(4)  Removal  or  weakening  of  the  coat  structures  over  the  embryos  of 
wheat  by  the  use  of  sulphuric  acid  was  exceedingly  effective  in  inducing 
complete  germination  in  a  minimum  length  of  time. 

(5)  Artificial  drying,  to  be  completely  effective,  must  be  continued 
for  a  week  or  more  and  thus  unduly  delays  the  germination  tests. 

(6)  Removal  of  the  scales  from  oats  and  barley  increased  their  germina- 
tion somewhat,  and  removing  the  loose  pericarp  and  tegumentary  struc- 
tures over  dormant  barley  embryos  caused  complete  germination  at 
room  temperature. 

(7)  Increased  oxygen  pressure  in  the  atmosphere  greatly  increased  the 
germination  at  room  temperature  of  partially  after-ripened  wheat. 

(8)  The  mechanical  treatments,  wounding  and  corrosion  with  sulphuric 
acid  are  very  tedious  processes  and  entail  great  danger  of  subsequent 
decay. 

(9)  Presoaking  for  even  one  hour  in  excess  of  water  accelerated  the 
germination  of  partially  after-ripened  wheat,  oats,  and  barley  but 
decreased  the  total  germination.  The  soaking  increased  the  rate^  of 
imbibition,  and  apparently  the  injurious  effect  upon  total  germination 
was  the  result  of  limiting  gaseous  exchanges  by  saturation  of  the  surface 
layers  of  the  grain  with  unaerated  water.  Presoaking  half  an  hour  in 
running  aerated  water  did  not  seem  to  have  any  ill  effect. 

(10)  For  the  germination  of  not  after-ripened  cereals,  the  seed  bed 
should  be  such  as  to  supply  abundant  water  available  for  rapid  absorption 
by  the  grain,  but  to  do  this  without  flooding  the  grain.  Somewhat 
supersaturated  absorbent  cotton  in  Petri  dishes  satisfies  these  require- 
ments if  the  grain  is  placed  lightly  on  top  of  the  cotton.  Barely  saturated 
blotters  give  equally  good  results  if  the  grain  is  placed  between  the 
blotters,  but  not  if  the  grain  is  placed  on  top  of  the  blotters. 
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(11)  A  temperature  considerably  lower  than  200  C.  is  much  more 
satisfactory  than  200  or  higher  for  the  germination  of  freshly  harvested 
wheat,  oats,  and  barley.  Wheat  responds  to  the  low  temperatures 
more  uniformly  than  oats  or  barley.  Nearly  all  fresh  samples  of  wheat 
can  be  satisfactorily  tested  for  germination  at  from  120  to  160  without 
previous  treatment  and  without  undue  loss  of  time.  With  barley  and 
oats  the  time  required  is  longer,  and  it  may  sometimes  be  desirable  to 
precede  the  germination  test  by  dry  heating. 

(12)  There  is  no  quantitative  relation  between  water  content  and 
germinability.  After-ripening  progresses  at  the  same  time  as  normal 
loss  of  water  during  curing  of  the  grain,  but  not  primarily  as  a  result 
thereof.  It  occurs  also  at  a  modified  rate  when  water  loss  is  prevented 
or  slight  water  absorption  is  caused. 

(13)  Some  samples  after-ripen  much  more  quickly  than  others.  The 
rates  of  after-ripening  may  be  varietal  characteristics  and  may  be  related 
to  winter  hardiness  under  some  climatic  conditions. 

(14)  Oxygen  relations  appear  to  be  very  important  in  the  germination 
of  not  after-ripened  cereals.  The  beneficial  effects  of  mechanical  treat- 
ments and  of  artificial  drying  and  heating  are  probably  related  to  in- 
creased oxygen  supply  to  the  embryo.  It  seems  likely  also  that  the 
permeability  of  coat  structures  to  oxygen  increases  during  after-ripening 
and  that  this  increased  permeability  is  related  to  the  improved  germi- 
nation. 
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A  NEW  AND  EFFICIENT  RESPIROMETER  FOR  SEEDS  AND 
OTHER  SMALL  OBJECTS:  DIRECTIONS  FOR  ITS  USE1 

By  George  T.  Harrington,  formerly  Scientific  Assistant,  Seed-Testing  Laboratories 
and  William  Crocker,  formerly  Plant  Physiologist,  Drug-Plant,  Poisonous  Plant, 
Physiological,  and  Fermentation  Investigations,  Bureau  of  Plant  Industry,  United 
States  Department  of  Agriculture 

PREVIOUS  RESPIRATION  APPARATUSES 

In  the  study  of  the  dormancy,  after-ripening,  and  germination  of 
seeds,  quantitative  studies  of  their  respiration  are  of  major  importance. 
For  such  studies  on  seeds  and  other  small  objects,  a  great  many  devices 
have  been  used,  but  none  of  them  is  perfectly  adapted  for  the  kind  of 
studies  the  authors  desired  to  make.  Hence,  the  attempt  to  devise  a 
new  apparatus  which  would  meet  our  requirements.  Some  of  the  appa- 
ratuses previously  used,  with  their  limitations,  are  indicated  below. 
They  are  grouped  according  to  the  principle  involved  in  the  method. 

(i)  DEVICES  FOR  ABSORBING  WITH  CAUSTIC  THE  CARBON  DIOXID  (CO,) 
RESPIRED  INTO  A  STREAM  OF  CO,-FREE  AIR,  OR  OTHER  GAS  OR  MIXTURE 
OF  GASES,  WHICH  IS  CONSTANTLY  BEING  DRAWN  THROUGH  THE  APPA- 
RATUS CONTAINING  THE  RESPIRING  MATERIAL  WITH  SUBSEQUENT 
DETERMINATION  OF  THE  AMOUNT  OF  THIS  ABSORBED  CO,  BY  TITRATION 
OR  BY  FILTERING  AND  WEIGHING  THE  CARBONATE 

Among  the  earliest,  most  widely  known,  and  most  generally  used  of 
these  devices  are  the  long  inclined  tubes  first  used  by  Pettenkofer  (21) ,2 
and  later  somewhat  modified  by  Pfeffer  (22).  These  tubes,  with  or 
without  modification,  and  combined  with  appropriate  special  devices 
for  incubation  of  the  experimental  material,  and  for  controlling  the  pres- 
sure when  necessary,  have  been  used  by  a  large  number  of  investigators 
in  important  studies  on  carbon  assimilation  and  normal  and  intra- 
molecular respiration.  Winkler's  modification  in  Hempel  (11)  of  the 
Pettenkofer  tube  consists  in  bending  it  into  the  shape  of  a  spiral  so  that 
it  is  easier  to  use. 

Other  devices  which  have  been  much  used  for  the  absorption  of  CO, 
in  a  stream  of  air  which  had  been  drawn  through  the  receptacle  containing 
the  respiring  material  consist  of  vertical  towers  of  caustic  solution. 
The  tower  invented  by  Reiset  (23)  has  three  multiperf orate  disks  of  plati- 
num inserted  to  interrupt  the  stream  of  air  and  break  it  up  into  small 
droplets,  thus  insuring  complete  removal  of  the  C02.  Reiset  tubes  have 
been  used  by  Brown  and  Escombe  (j)  in  their  important  work  on  the 
energetics  of  green  leaves,  and  by  many  others. 

Recently,  Gurjar  (7)  has  adopted  Truog's  absorption  tower,  first  used 
in  soil  analyses,  for  use  in  respiration  studies.  This  tower  consists 
simply  of  a  vertical  glass  tube,  ground  into  the  neck  of  the  flask  which 
carries  the  caustic  solution  and  filled  to  any  desired  height  with  glass 

1  Accepted  for  publication  July  2,  1921. 

2  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  113-115. 
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beads  which  break  up  the  current  of  air  as  it  rises  and  take  the  place  of 
the  platinum  disks  of  the  Reiset  tubes. 

Sachs  (in  Grafe,  6)  drew  the  respired  air  through  a  series  of  simple 
absorption  bottles,  Kostytschew  (rj)  used  Giessler  bulbs,  and  many 
other  devices  have  been  used  by  others. 

With  sufficiently  large  quantities  of  actively  respiring  material,  appa- 
ratuses of  this  type  are  excellent  for  determining  one  side  of  the  respiratory 
reaction.  They  have  the  advantage  of  avoiding  the  disturbing  effects 
of  changes  in  the  partial  pressures  of  oxygen  and  C02,  but  they  neglect 
entirely  the  question  of  the  amount  of  oxygen  absorbed  by  the  respiring 
material,  which  is  quite  as  important  as,  and  not  always  in  proportion  to, 
the  amount  of  C02  given  off. 

Furthermore,  they  are  not  adapted  for  use  with  limited  quantities  of 
very  small  or  relatively  inactive  seeds,  as  the  amount  of  C02  given  off 
in  reasonable  time  may  in  this  case  fall  within  the  limits  of  error  of  the 
method.  Unless  special  precautions  are  observed,  the  experimental 
errors  are  likely  to  be  rather  large. 

(2)  ABSORPTION  BY  CAUSTIC  SOLUTION  OF  THE  C02  RESPIRED  IN  A  CLOSED 
SPACE  WITH  OR  WITHOUT  SIMULTANEOUS  MANOMETRIC  MEASUREMENT 
OF  THE   OXYGEN  ABSORBED 

The  apparatus  used  by  Wolkoff  and  Mayer  (52)  was  simply  an  in- 
verted U-tube,  one  arm  of  which  dipped  into  a  dish  of  mercury,  while 
the  other  arm  was  much  enlarged  and  received  the  plant  material  and  a 
dish  of  caustic  solution.  This  end  of  the  tube  was,  of  course,  closed  dur- 
ing the  experimental  period,  and  the  whole  apparatus  was  immersed  in 
a  water  bath. 

Godlewski  (5)  cultured  his  material  in  a  closed  flask  which  contained 
a  dish  of  caustic  solution  and  was  connected  with  a  one-arm  open  ma- 
nometer dipping  into  mercury.  Stich  (24)  modified  this  apparatus  for 
effective  temperature  control  by  immersion  in  a  water  bath. 

When  the  manometer  is  used,  this  type  of  apparatus  gives  both 
oxygen  consumption  and  C02  production,  but  since  the  C02  is  absorbed 
as  rapidly  as  it  is  given  off  and  does  not  therefore  compensate  for  the 
oxygen  absorbed  by  the  respiring  material,  the  method  often  involves 
relatively  large  changes  in  pressure  during  an  experimental  period; 
these  pressure  changes  might  in  some  cases  affect  the  results.  Besides, 
like  the  preceding  type  of  apparatus,  this  type  requires  special  care  to 
avoid  errors  due  to  the  absorption  of  C02  from  sources  other  than  the 
respiration  of  the  material  being  studied  and  is  not  adapted  for  use  with 
limited  quantities  of  very  small  material. 

(3)  INCUBATION  IN  A  CLOSED  SPACE,  WHICH  IS  NOT  SUPPLIED  WITH 
EITHER  CAUSTIC  OR  MANOMETER,  WITH  OCCASIONAL  SAMPLING  OF  THE 
AIR  FOR  ANALYSIS  IN  SOME  .FORM  OF  MICRO-APPARATUS,  OF  WHICH 
THE  BONNIER-MANGIN  APPARATUS  IS  PERHAPS  THE  BEST.  THIS  APPA- 
RATUS AND  ITS  USES  ARE  DESCRIBED  IN  DETAIL  BY  THODAY  (26).  IT 
HAS  BEEN   WIDELY   USED  DURING  THE   LAST   35   YEARS 

In  the  use  of  this  method  seeds  have  frequently  been  incubated  for 
respiration  in  tubes  inverted  over  mercury,  but,  as  pointed  out  by  one 
of  us  (9),  the  contact  of  the  seeds  with  mercury  may  so  alter  their  be- 
havior as  to  make  the  use  of  this  method  entirely  out  of  the  question  in 
specific  cases. 
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Other  methods  of  incubation  without  contact  with  mercury  are,  of 
course,  possible.  But  when  the  mercury  is  used  in  contact  with  the 
respiring  seeds,  even  if  no  effect  of  the  mercury  is  known,  this  possi- 
bility should  be  carefully  investigated  before  depending  upon  the  re- 
sults. At  best  the  usefulness  of  the  method  is  limited  by  the  tedious- 
ness  of  the  processes  of  incubation  of  the  material  and  of  sampling  and 
analysis  of  the  gas. 

(4)  MICRO-RESPIROMETERS,  THE  ESSENTIAL  FEATURE  OF  WHICH  IS  THE 
USE  OF  VERY  SMALL  QUANTITIES  OF  GAS  OR  THE  DETECTION  OF  VERY 
SLIGHT  CHANGES  IN  ITS  COMPOSITION 

Thunberg's  unnecessarily  complicated  apparatus  (27),  modeled  on 
Peterson's  older  C02  apparatus,  consists  of  two  connected  pipettes  of 
similar  size — one  for  analysis  of  the  gas  and  the  other  for  pressure  com- 
pensation— each  connected  with  a  capillary  tube  and  adjustable  bulb  of 
mercury.  Thunberg's  simpler  apparatus,  merely  for  demonstration  of 
oxygen  consumption  (28),  was  modified  by  Winterstein  (31),  to  allow 
the  introduction  of  artificial  atmospheres  and  further  modified  by  Wid- 
mark  (30)  for  accurate  quantitative  work  with  very  small  gaseous  ex- 
changes. As  used  by  Widmark  it  is  still  too  cumbersome  for  general 
use;  one  half  of  the  apparatus  serves  merely  as  a  compensator  for  the 
other  half,  in  which  the  respiring  material  is  incubated,  and  the  results 
obtained  are  vitiated  by  the  fact  that  oxygen  consumption  and  C02 
production  are  studied  in  duplicate  lots  of  material  instead  of  in  identical 
material,  or,  if  in  the  same  material,  then  in  alternate  instead  of  identical 
periods.  Besides,  it  seems  probable  that  this  apparatus  could  not  be 
used  when  the  gaseous  exchange  is  as  large  as  in  most  studies  with  moist 
seeds. 

Tashiro  (26)  described  two  apparatuses  which  he  claims  will  detect 
1  X  io-7gr.  of  C02  by  absorption  in  a  small  drop  of  barium-hydrate 
solution.  The  author  claims  the  possibility  of  accurate  estimation  of  the 
amount  of  C02  by  a  series  of  trials  in  any  given  case.  These  apparatuses 
can  not  be  used  with  as  large  quantities  of  C02  as  are  usually  involved 
in  respiration  studies  without  extraordinarily  large  multiplication  of  ex- 
perimental errors;  they  are  relatively  complicated  and  expensive;  they 
take  no  account  of  the  oxygen  consumption;  and  in  spite  of  the  author's 
claim  to  the  contracry,  they  seem  to  be  adapted  only  to  rather  roughly 
approximate  estimation  even  of  the  C02  given  off. 

Winkler,  long  ago,  described  a  very  sensitive  chemical  method  for 
determining  the  percentage  of  oxygen  in  solutions,  using  alkaline  potas- 
sium iodid,  manganese  chlorid,  and  hydrochloric  acid.  Recently, 
Osterhout  and  Haas  (20)  adapted  this  method  for  use  in  biological  work 
with  aquatic  organisms.  This  method  is  at  best  too  complicated  for  use 
when  any  other  method  is  available.  It  is  not  adapted  for  use  with  other 
than  aquatic  organisms,  and  it  neglects  determining  the  C02  produced 
in  respiration. 

Warburg  (29),  by  substituting  a  short  column  of  hot  N/80  baryta  water 
for  the  long  column  of  the  cold  N/10,  was  able  to  determine  small  amounts 
of  respired  C02  with  a  maximum  experimental  error  not  exceeding  0.1 
mgm.  or  0.05  cc.  C02. 

Later,  Krogh  (14)  developed  a  manometric  apparatus  which  he  de- 
scribed as  "the  simplest  form  of  the  closed-space  respiration  apparatus." 
Like  Thunberg's  apparatus  and  its  various  modifications,  it  makes  use  of 
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the  principle  of  the  compensating  chamber  to  avoid  the  necessity  of 
correcting  for  barometric  and  temperature  changes.  It  is  said  to  be 
sensitive  enough  to  follow  the  oxygen  absorption  by  a  single  insect  egg 
weighing  2  mgm.  in  10-hour  periods.  Krogh  also  described  a  later  modi- 
fication of  Winterstein's  apparatus  which  he  says  can  be  made  even  more 
sensitive  than  the  Krogh  apparatus. 

Very  recently,  Lund  (16)  has  developed  a  very  simple  apparatus  for 
following  the  C02  production  by  small  objects  by  titration  of  baryta  water. 
With  proper  manipulation,  it  is  very  sensitive,  but,  like  the  other  purely 
chemical  methods,  Lund's  method  requires  special  care  to  avoid  errors 
due  to  the  absorption  of  C02  from  sources  other  than  the  respiring 
material,  or  errors  from  other  sources.  It  also  neglects  oxygen  con- 
sumption. 

The  range  of  some  of  the  apparatuses  of  the  micro  type  is  sufficient  to 
adapt  them  for  much  of  the  work  on  the  respiration  of  seeds,  but  none  of 
them  provides  for  simultaneous  determination  of  both  sides  of  the 
respiratory  exchange  in  the  same  material. 

(5)    INDICATOR   METHODS 

Doctor  Haas  (8)  and  Professor  Osterhout  (ij)  recently  perfected  an  in- 
dicator method  which  is  very  sensitive  in  detecting  small  quantities  of  C02 
respired.  Their  method  is  especially  adapted  for  use  in  investigations 
in  which  only  the  comparative  rate  of  production  of  C02  under  different 
conditions  is  to  be  studied.  It  has  the  advantage  of  sufficient  sensitive- 
ness so  that  the  experimental  time  can  be  very  short,  a  matter  frequently 
of  prime  importance;  and  the  small  amount  of  time  required  for  trie 
manipulation  of  the  apparatus  adapts  the  method  for  rapid  and  simul- 
taneous determinations  in  several  different  experiments.  By  means  of 
special  calibrations  and  a  sampling  device  the  apparatus  can  be  used  for 
the  approximate  determination  of  the  absolute  amounts  of  oxygen 
absorbed  and  C02  produced;  but  this  is  not  its  special  use.  Indicator 
methods  for  the  determination  of  the  oxygen  absorbed  by  the  respiring 
material  have  also  been  described  by  Osterhout  (18)  and  by  Harvey  (10), 
but  these  present  certain  grave  objections  and  at  best  are  not  available 
for  simultaneous  determination  of  the  C02  produced.  The  use  of  the 
indicator  method  for  accurate  measurement  even  of  CO,  output  requires 
constant  care  to  avoid  errors  due  to  buffer  effects  (19)  or  to  the  possible 
production  of  acid-reacting  substances  other  than  C02  or  of  alkaline- 
reacting  substances. 

In  view  of  the  limitations  of  the  apparatuses  previously  used  in  inves- 
tigations of  respiration,  we  undertook  to  develop  a  new  apparatus  which 
would  be  simple,  easy  to  use,  and  free  from  as  many  as  possible  of  the 
objections  which  other  apparatuses  presented.  With  our  apparatus,  as 
described  on  the  following  pages,  oxygen  consumption  and  C02  produc- 
tion are  determined  in  the  same  apparatus  and  for  the  same  period  of 
time,  using  the  whole  volume  of  air  instead  of  a  sample.  Both  sides  of 
the  respiratory  exchanges  are  therefore  followed  in  identical  material 
and  without  multiplication  of  experimental  errors.  The  gaseous  ex- 
changes are  determined  at  the  end  of  an  experimental  period  by  means 
of  a  manometer,  which  is  an  integral  part  of  the  apparatus,  somewhat 
on  the  plan  of  Bunzell's  oxidase  apparatus  (4).  Since  the  C02  given  off 
by  the  respiring  material  accumulates  and  tends  to  compensate  for  the 
oxygen  absorbed  by  it  no  large  changes  in  pressure  occur  during  any 


Jan.  ij,  1923 


New  Respirometer  for  Seeds 


105 


one  experimental  period.  By  making  the  pressure  readings  the  basis 
of  direct  calculations  both  of  oxygen  consumed  and  of  C02  given  off  the 
multiplication  of  operations  and  errors  involved  in  a  combination  of 
manometric  and  analytic  methods  as  used  by  Bonnier  and  Mangin  (2) 
and  by  Aubert  (z)  is  avoided.  A  number  of  different  forms  of  apparatus 
embodying  these  principles  have  been  constructed  and  tried,  the  one 
here  described  being  finally  adopted  as  giving  most  satisfactory  results. 
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Fig.  i. — Drawing  of  a  respirometer,  large  size  (75  to  80  ec). 

DESCRIPTION  OF  THE  APPARATUS 

The  apparatus  (fig.  i)  consists  of  (i)  a  cylindrical  glass  tube  (A),  in 
the  form  of  a  bottle,  which  is  closed  by  a  ground  glass  stopper  (B), 
upon  which  are  mounted  a  short  open  manometer  of  2-mm.  bore  (C),3 
and  an  inlet  or  leveling  tube  (D)  provided  with  a  small  chamber  (E)  for 
the  reception  of  the  caustic  which  is  to  be  used  for  the  absorption  of 
the  C02;  and  (2)  a  one-piece  porcelain  container  (F)  for  the  seeds. 


*  The  bore  of  the  manometers  should  be  at  least  2  mm.  and  may  be  2.5,  or  3  mm.    If  the  bore  is  less 
than  2  mm.,  the  mercury  does  nor  move  freely  enough  to  insure  accurate  work. 
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This  seed  container  is  in  the  form  of  an  inverted  crucible  with  a  plate 
perforated  with  about  40  holes  1  mm.  in  diameter  (G)  inserted  5  mm. 
above  the  open  base,  and  a  ring  at  the  top  (H)  by  which,  with  the  use 
of  a  bent  needle  or  other  suitable  hook,  to  raise  it  or  lower  it  in  the  tube 
(A).  In  one  side  of  this  inverted  crucible  is  an  opening  (I),  reaching 
from  its  top  to  5  mm.  above  the  perforated  plate  (G)  and  covering  about 
120  angular  degrees. 


W- 


Fig.  2. — Median  section  of  a  carrier  for  eight  respirometers. 

The  seed  container  rests  upon  nibs  (K)  pushed  into  the  sides  of  the 
tube  (A).  The  tall,  slightly  flaring  top  (C)  of  this  tube  provides  for 
reinforcing  the  ground  glass  joint  by  a  mercury  seal. 

We  have  used  this  apparatus  in  three  sizes  of  about  20-cc,  40-cc,  and 
80-cc.  capacity.  The  tube  diameter  of  all  three  sizes  is  3  cm.,  so  that 
one  size  of  seed  container  can  be  used  for  all.  This  simplifies  their 
manufacture  and  makes  them  less  expensive.  With  the  smallest  size, 
however,  the  nibs,  which  support  the  seed  container  in  the  other  sizes, 
are  replaced  by  a  very  low  glass  tripod,  and  the  ring  at  the  top  of  the 
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seed  container  has  to  be  omitted.  These  small  apparatuses  are  so  short 
that  the  seed  containers  can  be  handled  by  inserting  an  appropriate 
hook  into  the  cut-out  which  receives  the  seeds,  whereas  in  the  larger 
apparatuses  the  ring  at  the  top  is  necessary. 

The  respiration  apparatuses  by  themselves  are  hard  to  handle,  so  the 
carrier  shown  in  median  section  in  figure  2  was  devised  for  use  with  any 
number  up  to  eight  at  one  time.  Into  threaded  holes  bored  through  a 
circular  cast  aluminum  base  (A)  }4  inch  thick  and  9  inches  in  diameter 
are  screwed  nine  posts,  which  consist  of  pieces  of  X~inch>  heavy- walled 
brass  tubing  (B,  B')-  The  tall  central  post  (B)  with  the  T  connection 
serves  as  a  handle,  while  to  the  other  eight  posts,  covered  with  ^-inch 
thick- walled  webb  rubber  tubing,  the  eight  respiration  apparatuses  are 
bound  with  heavy  rubber  bands.  A  number  of  thicknesses  of  old  rubber 
matting  (C,  C)  appropriately  placed,  and  all  but  the  bottom  one  fur- 
nished with  eight  holes  a  little  larger  than  the  combined  sizes  of  one  of 
the  brass  posts  and  a  respiration  apparatus,  hold  the  respirometers  up- 
right and  protect  them  from  the  breakage  which  might  be  caused  by 
bumping  on  metal. 

The  upper  diaphragm  of  rubber  matting  (C)  is  stiffened  by  an  under- 
lying diaphragm  of  sheet  aluminum  or  other  appropriate  material  (C") 
and  is  held  at  the  proper  height  by  short  pieces  of  rubber  tubing  (D,  D') 
on  the  brass  posts.  The  holes  in  the  bottom  of  the  aluminum  base  are 
partially  closed  with  small  pure  gum  rubber  tubing  (E,  E)  and  any  one 
of  the  eight  short  hollow  posts  then  serves  for  the  reception  of  the  ther- 
mometer (F) .  In  case  of  fluctuations  of  temperature,  this  thermometer 
should  not  be  depended  upon  to  register  the  temperature  of  the  water 
outside  of  the  tubular  post  in  which  it  is  inserted. 

OPERATION  OF  THE  APPARATUS 

The  respiration  tubes  (fig.  1,  A)  having  been  provided  with  heavy 
rubber  bands,  the  seed  containers  with  their  load  of  imbibed  and  sterilized 
seeds  are  lowered  into  place,  and  the  contents  of  the  apparatuses  are 
rapidly  aerated  by  drawing  through  each  a  strong  current  of  air.  The 
vasalined  ground  glass  stoppers  with  the  stopcocks  opened  and  the 
caustic  chambers  unstoppered  are  rapidly  put  in  place,  forcing  each  down 
as  far  as  it  will  go  with  a  gentle  twisting  motion  and  placing  them  so  that 
the  bent  delivery  tubes  (fig.  1 ,  M)  from  the  caustic  chambers  will  deliver 
onto  the  closed  side  of  the  seed  containers.  As  soon  as  its  top  is  in  place, 
each  apparatus  is  bound  to  its  post.  The  whole  battery  is  now  sub- 
merged in  the  water  bath,  so  that  the  water  covers  the  tops  of  the  res- 
piration tubes,  and  the  mercury  is  poured  into  these  tops.  As  soon  as 
the  whole  battery  has  come  to  the  temperature  of  the  water  bath,  which 
may  be  hastened  by  gently  raising  and  lowering  it,  the  stopcocks  in  the 
leveling  tubes  are  closed,  care  being  taken  to  see  that  the  respirometers 
stand  vertically  and  that  the  mercury  is  at  the  same  level  in  the  two  arms 
of  each  manometer,  the  caustic  chambers  are  stoppered,  and  the  baro- 
metric pressure  of  the  room  is  recorded. 

After  an  appropriate  length  of  time,  which  will  usually  be  not  less  than 
24  hours,  from  1  to  3  cc.  as  required  of  20  per  cent  sodium  hydroxid 
(NaOH)  is  measured  into  each  caustic  chamber,  leaving  the  stoppers 
out;  the  manometers  are  gently  tapped  to  see  that  the  mercury  moves 
freely  to  its  proper  level;  manometer  readings  are  taken  by  holding  a 
scale  behind  the  manometer;  the  caustic  is  cautiously  admitted  into  the 
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respiration  tubes;  a  short  interval,  during  which  the  barometer  may  be 
read,  is  allowed  for  complete  absorption;  and  the  manometers  are  again 
gently  tapped  and  read. 

From  the  manometer  and  barometer  readings,  the  temperature  used 
in  the  experiment,  and  the  net  volumes  of  the  apparatuses,4  corrected 
for  the  volumes  of  the  respiring  material  and  of  the  caustic  which  was 
admitted,  and  for  the  changed  positions  of  the  mercury  in  the  ma- 
nometers,1 the  three  significant  volumes  of  air  under  standard  conditions 
(o°  C.  at  760-mm.  pressure)  can  be  computed.  From  these  three  volumes 
the  volume  of  oxygen  absorbed,  the  volume  of  C02  given  off,  and  the  res- 


piratory quotient  (  -~  )  are  easily  derived. 


If  extreme  accuracy  is  desired,  C02-free  air  may  be  introduced  at  the 
beginning  6  and  further  corrections  may  be  introduced  for  the  fact 
that  the  period  for  C02  production,  from  the  putting  of  the  apparatuses 
together  to  the  making  of  the  second  manometer  reading,  is  slightly 
longer  than  that  for  oxygen  consumption,  from  the  closing  of  the  stop- 
cocks to  the  time  of  the  second  manometer  reading,  and  for  the  further 
fact  that  the  volume  determined  for  C02  respired  includes  also  oxygen 
absorbed  during  the  very  short  interval  between  making  the  first  and 
second  manometer  readings. 

Since  the  volume  of  oxygen  absorbed  is  usually  greater  than  that  of 
C03  given  off,  the  reduction  of  pressure  thus  brought  about  in  the 
respirometer  starts  the  flow  of  caustic  when  the  stopcock  is  opened,  and 
the  absorption  of  C02  also  aids  in  the  introduction  of  the  caustic.  It  is 
sometimes  necessary,  however,  to  force  the  last  of  the  caustic  down  by 
gently  blowing  into  the  caustic  chamber  through  a  rubber  tube  slipped 
over  its  top. 

The  caustic,  running  down  the  side  of  the  respirometer  its  entire  length 
and  over  the  top  of  the  seed  container,  insures  rapid  absorption  of  the 
C02.  Meantime,  the  roof  of  the  seed  container  and  the  edge  which  pro- 
trudes below  its  perforated  plate  protects  the  seeds  completely  from 
contact  with  the  caustic. 

After  a  complete  determination  the  battery  of  respirometers  is  removed 
from  the  water  bath,  stopcocks  are  opened,  the  mercury  seals  are  removed 
by  suction  into  a  suction  flask  used  as  a  trap,  and  the  apparatuses  are 
taken  apart,  emptied,  and  washed  with  a  dilute  acid  and  then  with  water. 
The  seed  containers  may  be  washed  by  pouring  acid  over  them  without 
disturbing  the  seeds,  and  then  both  seeds  and  containers  may  be  further 
washed  under  a  stream  of  water  by  inserting  them  into  Gooch  crucibles 
in  such  a  manner  that  the  open  sides  of  the  containers  are  closed  against 
the  sides  of  the  crucibles  and  the  loss  of  seeds  thus  prevented. 

The  containers  and  seeds  are  now  ready  to  be  returned  to  the  cleaned 
respirometers  for  another  period  of  respiration. 

4  The  net  air  capacity  of  each  apparatus  with  the  seed  container  in  place  is  determined  from  the  weight 
of  the  water  it  takes  to  fill  it  and  is  corrected  for  each  experiment  by  subtracting  the  volumes  of  the 
respiring  material. 

6  If  the  bore  of  the  manometer  tube  is  just  2  mm.,  a  change  of  3.185  mm.  in  the  height  of  the  mercury  on 
the  side  toward  the  respiration  chamber — that  is,  a  difference  of  6.37  mm.  in  the  height  of  the  mercury  in 
the  two  arms  of  the  manometer — corresponds  to  a  change  of  0.01  c.  c.  in  the  uncorrected  volume  of  the  air 
in  the  apparatus. 

6  The  CO2  in  normal  air  would  make  a  difference  of  only  0.2  mm.  on  the  manometer,  which  is  not  much 
above  the  limit  of  error  in  adjustment  and  reading,  and  would,  under  the  method  adopted,  affect  the  values 
for  oxygen  consumption  and  CO»  production  alike.  It  is  believed  that  leaving  a  vessel  of  strong  caustic 
solution  exposed  to  the  air  for  a  few  hours  near  where  the  apparatus  is  to  be  set  up,  and  then  aerating  the 
apparatus  and  respiring  material  with  air  drawn  from  the  open  room  over  this  caustic  solution,  reduces 
the  error  from  atmospheric  CO2  well  below  the  lowest  possible  limits  of  error.  This  is  the  procedure 
adopted  in  the  work  reported  in  the  following  article. 
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These  respirometers  are  adapted  for  use  with  small  material  which 
does  not  have  to  be  studied  under  aquatic  conditions,  provided  it  is  not 
markedly  sensitive  to  reduction  in  the  partial  pressure  of  oxygen  or  to 
increase  in  that  of  C02.  Some  seeds,  however,  are  so  small  as  to  pass 
through  the  i-mm.  holes  of  the  seed  container.  For  use  with  such 
material,  the  perforations  can  be  partially  closed  with  paraffine.  The 
change  in  the  total  pressure  of  all  gases  is  always  small.  The  manipu- 
lations and  observations  can  be  performed  rapidly  and  the  admittedly 
somewhat  tedious  computations  may  be  delayed  to  suit  one's  convenience. 

The  apparatuses  could  probably  be  adapted  for  use  with  aquatic 
organisms,  at  least  in  certain  cases,  by  substituting  an  appropriate 
container  for  the  perforated  seed  container.  They  are  probably  not 
sufficiently  sensitive  for  use  in  such  work,  as,  for  instance,  that  of  Lund 
(75)  with  Paramecia,  where  the  total  differences  in  C02  production  to 
be  measured  are  sometimes  such  as  would  correspond  to  less  than  i-cm. 
change  in  pressure  as  registered  on  the  manometer  of  the  smallest  of  the 
apparatuses  here  described,  or  about  ten  time  the  possible  experimental 
error.  In  sensitiveness  and  therefore  in  the  character  of  work  for  which 
they  are  adapted,  they  are  intermediate  between  the  apparatuses  used 
for  large  objects  and  those  of  the  micro  type. 

Plate  1  is  a  photograph  of  the  carrier  with  two  respirometers  and  a 
thermometer  in  place.  To  facilitate  the  reading  of  the  manometers, 
which  will  almost  invariably  show  some  reduction  in  pressure,  the  res- 
pirometers were  so  constructed  that  their  manometers  are  turned  to  the 
left  when  the  stopcocks  in  the  caustic  chambers  face  outward  or  away 
from  the  tall  central  post. 

The  usefulness  of  the  apparatus,  as  here  described,  can  be  greatly 
extended  by  attaching  to  the  bottom  of  the  respiration  tube  a  side  arm 
with  stopcock  for  use  in  the  introduction  of  artificial  atmospheres.  For 
work  with  artificial  atmospheres  it  is  desirable  also  to  omit  the  short 
delivery  tube  (fig.  1,  M)  below  the  caustic  chamber  in  order  to  facilitate  the 
complete  sweeping  out  of  the  original  atmosphere.  We  have  a  few  of 
the  apparatuses  in  this  modified  form  and  have  used  them  with  good 
results,  although  they  embody  also  some  of  the  less  desirable  features  of 
our  earlier  attempts. 

The  apparatus  obviously  can  not  be  used  except  at  approximately 
atmospheric  pressure,  though  the  proportions  and  nature  of  the  gases 
present  can  be  altered.  For  the  study  of  respiration  at  greatly  reduced 
or  increased  total  pressures  other  forms  of  apparatus  must  be  used.  It 
will  always  be  true,  however,  that  the  great  bulk  of  the  work  on  respi- 
ration will  be  done  at  atmospheric  pressure. 

FORMULAE    FOR   CALCULATION  OF   THE   RESULTS  OF   RESPIRATION 

EXPERIMENTS 

The  following  formulae  can  conveniently  be  used : 
1.  For  the  reduction   of  volumes  to  o°   C.   and    760-mm.    mercury 
pressure. 


(1)  vol.  ;60=voi.  ix(  .  2JsP,  S) 

w  760  v     \76o  (273  +  2)7 

0,3592  P 


in  which  t  and  P  represent  the  temperature  of  the  bath  in  degrees  centi- 
grade  and   the   pressure  of   the  gas  in   millimeters   of  mercury.     The 
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0.%  592 
expression  —^r~f  represents  a  factor  F  which  is  constant  for  any  given 

temperature.    Substituting  F  in  (1)  gives: 

(2)  Vol.  ;60  =  Vol.  <pXFxP. 

Values  for  F  for  different  temperatures  have  been  determined  and 
are  given  here  for  convenience  in  calculations. 

F  for  o°  C.  =  0.001316 
for  50  C.  =0.001292 
for  io°  €.  =  0.001269 
for  150  C.  =  0.001247 
for  200  C.  =  0.001226 
for  25  °  C.  =  0.001205 
for  300  C.  =  0.001 1 85 
for  350  C.  =  0.001166 

Values  for  F  for  intermediate  temperatures  can  be  derived  with  suffici- 
ent accuracy  by  interpolation  in  the  series  given. 

2.  For  changing  from  gas  volumes  to  milligrams  per  gram  dry  weight 
per  24  hours. 

Let  a = number  of  cubic  centimeters  at  o°  C.  760  mm. 

b  =  weight  in  milligrams  of  1  cubic  centimeter  at  o°  C.  760  mm. 
c=dry  weight  in  milligrams  of  respiring  material 
h  =  respiration  period  in  hours. 

(3)  f       ,    -  J  (  — J =x=  milligrams  per  gram  dry  weight  in  24  hours. 

For  oxygen,  b  =  1.4289;  for  C02,  b=  1.9768. 

By  substitution  of  these  values  and  the  use  of  Y  in  place  of  one  X, 
equation  (3)  becomes; 

(4a)  x  =  24Xi.4289Xi,oooa  =  342g^6a  ^  Qxygen 

24X  1.9768  X  1,000  a  =  47443.2  a  f Qr  CQ 
v^  '  c  h  c  h  2 

3.  For  calculating  temperature  coefficients.  Either  of  the  formulae 
given  by  Kanitz  (12)  and  reported  by  Denny  may  be  used.     Kanitz's 

second  formula  is  Ql0={  j^  )'2_/i  in  which  K2  represents  the  rate  of  any 

reaction  at  temperature  t2  and  Kx  represents  the  rate  of  the  same  reac- 
tion at  temperature  tv  The  easiest  form  in  which  to  use  this  equation 
in  logarithmic  solutions  is 

(5)  Log  Qw  =  (Log  K2  -  Log  K,)  (^)  • 

With  the  simplified  equations  (2),  (4a),  (4b),  and  (5)  all  of  the  com- 
putations can  be  easily  performed. 

RECORDING  DATA  AND  CALCULATING  RESULTS 

Before  beginning  a  respiration  experiment  the  following  data  must 
be  determined  or  provision  made  for  its  determination: 

1.  The  volume  of  air  in  each  apparatus  without  the  respiring  material 
(to  0.1  cc). 
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2.  Volume  of  the  respiring  material  (to  0.1  cc). 

3.  Net  volume  of  air  in  the  apparatus  (1  —  2). 

4.  Weight  of  the  respiring  material  (to  1  mgm.). 

5.  Percentage  dry  weight  of  the  respiring  material  (this  to  be  deter- 
mined in  material  duplicating  that  which  is  used  in  the  respiration 
experiment) . 

6.  Dry  weight  of  the  respiring  material  from  (5)  (to  1  mgm.). 

All  necessary  data  must  be  carefully  recorded  at  the  beginning  and 
end  of  each  period  of  a  respiration  experiment.  It  is  convenient  to 
keep  the  data  for  each  period  in  compact  form  on  a  3  by  5  inch  card 
or  on  a  separate  sheet  of  a  3  by  5  inch  loose-leaf  note  book.  The  fol- 
lowing form  is  suggested : 

Exp .  begun ;  Material 

No.  of  period  (1,  2,  3,  etc.) ;  Temp 

Stoppers  inserted 

Stopcocks  closed 

Barometer  at  °C;  =  at  o°C. 

Manometers  read  ;  

Caustic  used ;  Temp 

Barometer  at  °C.  =  at  o°C. 

Manometer  readings:  1 ;  2 ;  3 ;  4 

Before  adding  caustic 

After  adding  caustic 

Remarks:  


The  absolute  net  volume  of  an  apparatus  uncorrected  for  pressure  or 
temperature  is  a  base  from  which  all  other  volumes  are  calculated,  is 
uniform  through  any  one  set  of  calculations,  and  therefore  need  not  be 
determined  closer  than  to  tenths  of  a  cubic  centimeter.  On  the  contrary, 
the  changes  in  volume  of  the  gas  it  contains,  corrected  to  standard  con- 
ditions, are  the  actual  data  for  respiratory  exchanges.  Inaccuracies  ap- 
proaching o.  1  cc.  in  determining  these  volume  changes  would  sometimes 
seriously  affect  the  results  of  an  experiment.  All  volume  computations 
should  therefore  be  carried  to  hundredths  of  a  cubic  centimeter.  For 
the  same  reason  corrections  of  apparent  volume  for  the  changed  posi- 
tions of  the  mercury  in  the  manometers  should  always  be  made.  These 
corrections  will  frequently  amount  to  more  than  0.1  cc.  The  caustic 
solution  used  should  be  measured  with  all  possible  accuracy  and  should 
not  be  stronger  than  20  per  cent  on  account  of  the  impossibility  of  ac- 
curate measurement  of  a  stronger,  more  viscous  solution.  As  indicated 
on  a  previous  page,  corrections  may  also  be  introduced  for  the  short 
periods  of  time  between  the  diffeieiu  operations. 

Table  I  illustrates  the  calculation  of  gas  volumes  and  units  of  respiratory 
exchanges  (milligrams  oxygen  and  C02  per  gram  dry  weight  of  the 
respiring  material  in  24  hours)  from  data  recorded  at  the  beginning  of 
an  experiment  and  at  the  beginning  and  end  of  one  experimental  period. 
The  data  are  taken  from  the  first  period  of  a  respiration  experiment  with 
duplicate  lots  of  50  Newtown  Pippin  apple  seeds  in  a  very  early  stage  of 
germination.  The  symbols  in  the  left-hand  margin  of  the  table  are  used 
for  convenient  reference  in  later  parts  of  the  table  to  the  quantities  to 
which  these  symbols  refer.  The  formulae,  with  their  numbers,  are 
taken  from  the  preceding  section.  In  practice  the  form  in  which  these 
calculations  are  given  can  be  considerably  shortened. 
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Table  i. — Calculation  of  gas  volumes  and  units  {milligrams  per  gram  dry  weight  in  24 

hours)  of  respiratory  exchange 


Symbol. 


*1. 

h2. 


»3>   P 2- 

^2- 

&4.  *V 


Formula  (2) 


Vol.i. 

Vol.2. 


Vol. 3. 
Vol. 4. 

Vol.  5. 

h 


Vol.6. 


Vol. 7. 


Formula  (4a) . 


Formula  (4b), 


Data. 


Volume  of  empty  apparatus. 
Volume  of  imbibed  seeds.  .. 


Volume  of  air  in  the  apparatus. 


Weight  of  the  imbibed  seeds 

Percentage  of  dry  weight  of  the  imbibed 
seeds 


Dry  weight  of  the  seeds  (calculated). 


Stoppers  inserted  12. 30 p.  m.,  May  27 

Stopcocks  closed  12.45  P-  m->  May  27 

Temperature  19. o°  C 

Atmospheric  pressure  762.2  mm.  at  22.5 °C. 
=  759.3  mm.  at  o°  C. 

Manometer  readings  10.00  a.  m.  May  29 .  . 

Caustic  solution  added 

Manometer  readings  10.15  a.  m.  May  29.  . 

Temperature  19. o°  C 

Atmospheric  pressure  768.2  mm. at  240  C. 
=  765.0  mm.  at  o°  C. 


Vol.  ° 
F  = 


t 


-Vol.  1  F.  P 

'  P 

0.001247  —  4/5  (0.001247  —  0.001226)  = 

0.001230 

0.001230  Vj-Pj 

0.01P,,, 


.001230  \\- 


HP*+PJ 


6-37 

.001230  V,  - 1  '2  +  °^(P4+P3) 

6-37 
Approximate    volume  oxygen  =  Vol.   1  — 

Vol. 3 

Approximate  volume  C02= Vol .  2  —  Vol .  3  . 

Length  of  period=/j4— /*i=45-75  hours. 
Period  for  oxygen =hA-h2 =45. 50  hours. 
Period  for  oxygen  included  with  C02. 

=/z4-/23=o.25  hours. 

True  volume  oxygen = Vol .4+ 45-75~45-5° 

4S-5o 
Vol.  4 

True  volume  C02  =  Vol.  5  —  — '—$-  Vol.  4  . . 

45-5° 
Vol.  7 
Respiratory  quotient  =y  <  fi 

■y 34293.6a;  a=Vol.6 

cJi       c=Dry  weight  of  seeds 

^=45-75 
X=mgm.  oxygen  consumed  per  gm.  dry- 
weight  in  24  hours 


Y-- 


E7443 .2a;  c=Vol. 7 

c=Dry  weight  seeds. 

^=45-75 


c  h 


y=mgm.  C02    produced    per    gm.    dry 
weight  in  24  hours 


No. 


No. 


42. I  cc.  :        44. o  cc. 

3-4  '  3-4 


38.  7  cc.  40.6  cc. 

3,052  mgm.  ]  3,112  mgm. 

53  i  53 


1,618  mgm.    1,649  rug™ 


+1.8 
1.0  cc. 

-23.5 


36. 14  cc. 
36.50  cc. 


1.79  cc. 

2. 15  CC. 


1.80  cc. 

2  .  14  CC 

I.  19 

I.80 
I,6l8 


■83 

2.14 
I,6l8 


i-37 


+  i-3 
I  .  o  cc . 

-23-5 


37.92  cc. 
38.27  cc. 


34-35  cc-         36-°8  cc- 


1.84  cc. 
2.19  cc. 


1.85  cc. 
2.18  cc. 

1. 18 

1.85 

1,649 


.84 

2.18 
1,649 


1.36 
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Table  II  shows  the  calculation  of  temperature  coefficients  from  an 
experiment  with  single  lots  of  dormant  York  Imperial  and  Newtown 
Pippin  apple  seeds  in  successive  periods  at  130  and  300  C. 

Table  II. — Calculations  of  temperature  coefficients  from  data  for  successive  periods  at 

1 30  and  30°  C. 


Formula  (5) 


Log  Ql0=(hog  K2-Log  K,)   (j^£) 


K2  for  oxygen  consumption  (units). 
Kt  for  oxygen  consumption  (units). 

Log  k2 

Log  kx 


Difference 

Log  difference 


York 
Imperial. 


I.25 

•65 

.09691 
9.81291 


.28400 
9-45332 

9-76955 


Log  (log  Qw) 9.22287 

Log  O10. .  16706 

<2io  for  oxygen  consumption 1.47 


K2  for  CO_,  production  (units) 
K1  for  C02  production  (units) 

Log  k2 

Logfei 


Difference 

Log  difference 


Log  (LogO10). 

Log  Qw 

<2i„  for  C02  production 


1.47 

•59 

.16732 
9.77085 


•39647 
9.59821 

9-76955 


9.36776 
.23322 
1. 71 


Newtown 
Pippin. 


i-35 

.62 

•  13033 
9-79239 


•33794 
9.52884 

9-76955 


9.29839 
.19879 
1.58 

i-5i 

•59 

.17898 
9.77085 


.40813 
9.61080 

9-76955 


9-38035 
.24008 
1.74 
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PLATE  i 

Photograph  of  the  carrier  shown  in  figure  2,  with  two  large  respirometers  and  a 
thermometer  in  place. 
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By  George  T.  Harrington 

Formerly  Scientific  Assistant,  Seed-Testing  Laboratories,  Bureau  of   Plant  Industry, 

United  States  Department  of  Agriculture 


This  study  was  made,  using  the  manometric  respiration  apparatuses 
and  following  in  detail  the  procedure  described  in  the  previous  article  (ix) 
on  a  new  and  efficient  respirometer  for  use  with  seeds  and  other  small 
objects. 

The  size  of  apparatus  used  in  each  case  was  determined  by  the  number 
and  relative  activity  of  the  seeds  to  be  studied.  The  results  have  been 
computed  in  terms  of  milligrams  of  oxygen  consumed  and  milligrams  of 
C02  given  off  per  gram  dry  weight  of  the  respiring  seeds  in  24  hours. 
The  temperature  coefficients  have  been  computed  for  both  processes  for 
each  temperature  interval  used,  whenever  the  seeds  used  were  in  suffi- 
ciently stable  condition  to  make  it  desirable  to  do  so. 

First  experiment. — Newtown  Pippin  seeds  from  fruit  stored  at  o°  C 
until  May  7.  Seeds  removed  in  the  next  few  days  and  incubated  on 
moist  blotters  at  about  50  to  io°  C.  Experiment  begun  May  20  with  six 
parallel  lots  of  seed  at  temperature  of  190;  25  or  50  seeds  per  lot  at  be- 
ginning of  experiment.     (Table  I.) 

Table  I. — Respiration  of  Newtown  pippin  seeds  at  ig°  C. 


Period 
of  res- 
pira- 
tion. 


Hours. 
I8M 


43 


21 


Num- 
ber of 
lots. 


Condition  of  seeds. 


Intact 

Intact;  26  per  cent  germinating  at  end  of 
period 

Outer  coats  removed;  67  per  cent  germinat- 
ing at  end  of  period 

Intact;  many  germinating  at  end  of  period. 
Intact;  germinated  at  beginning  of  period. . 
Outer  coats  removed;  all  germinating  at 
end  of  period 

Outer  coats  removed;  germinated  at  be- 
ginning of  period 


Gaseous  exchanges 

(mgm.  per  gm.,  dry 

weight)  per  day. 


Oxygen 

con- 
sumed. 


I.09 
•83 


(a  2. 
l63- 


35 
28 

•97 

3-42 


0  2.97 
&4.14 


IP' 
\bio. 


48 
43 


COj  pro- 
duced. 


I.30 

1. 01 

02.73 

63.81 

I.26 

3-97 

a3-i5 
6  4-39 

«6.83 
6  9-53 


COs/Oi 
(volume) 


O.86 
•87 


.84 
•94 
.84 


•77 
.66 


0  Based  on  dry  weight  of  intact  seeds. 

*  Based  on  dry  weight  of  seeds  with  outer  coats  removed. 

1  Accepted  for  publication  July  2,  1921. 
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The  results  after  the  first  period  show  the  effects  upon  respiration  of 
removing  the  outer  coats  2  and  of  germination.  When  the  outer  coats 
were  removed,  the  results  were  computed  on  the  basis  of  calculated  dry- 
weight  after  removal  of  these  coats  as  well  as  on  the  basis  of  the  dry- 
weight  of  the  intact  seeds.  Some  seeds  were  discarded  during  the  experi- 
ment on  account  of  advancing  germination  or  to  leave  a  convenient  num- 
ber in  a  given  condition  for  use  in  a  given  apparatus. 

The  respiratory  quotient  was  always  less  than  unity,  as  should  be 
expected  when  the  material  being  respired  is  fatty  or  oily,  and  therefore 
poor  in  oxygen,  as  is  the  case  with  apple  seed. 

Removing  the  outer  coats  approximately  doubled  or  trebled  the  respi- 
ratory intensity  without  altering  the  respiratory  quotient  until  germi- 
nation had  well  begun.  Connected  with  this  increased  respiration  of  the 
seeds  was  an  acceleration  of  germination,  though  these  seeds  were  suffi- 
ciently after-ripened  so  that  the  majority  of  them  germinated  in  four 
days  even  in  intact  condition. 

As  germination  advanced,  the  respiratory  intensity  rapidly  increased, 
and  in  seeds  freed  from  their  outer  coats  the  respiratory  quotient  became 
lower  in  value.  (See  last  two  entries  in  last  column  of  Table  I.)  In 
intact  seeds  at  a  later  stage  of  germination  there  is  a  similar  decrease  in 
the  value  of  the  respiratory  quotient,  not  shown  here  but  illustrated  in 
other  experiments. 

Godlewski  (p),3  Bonnier  and  Mangin  (4),  Gerber  (<?),  and  Ivanoff  (13), 
have  reported  low  values  for  the  respiratory  quotient  of  germinating 
oily  seeds,  or  young  seedlings. 

According  to  Godlewski,  the  respiratory  quotient  of  fatty  seeds  during 
swelling  is  a  little  less  than  1.0,  but  the  value  of  the  quotient  falls  as  soon 
as  the  roots  appear  and  is  maintained  about  constant  at  from  0.55  to  0.65 
during  the  period  of  greatest  respiratory  intensity,  after  which  it  rises 
to  about  1.0.  His  value  for  the  period  of  greatest  intensity  is  slightly 
lower  than  the  lowest  shown  in  Table  I.  According  to  this  author,  and 
to  Gerber,  the  respiratory  quotient  of  germanating  starchy  seeds  is 
constantly  about  unity  during  the  entire  period  of  germination. 

Bonnier  and  Mangin,  however,  found  that  with  both  oily  and  starchy 
seeds  during  germination  the  respiratory  quotient  is  at  first  near  unity, 
falls  gradually  to  a  minimum  variable  with  the  species,  and  then  rises 
again  to  its  initial  value.  In  this  connection,  it  should  be  borne  in  mind 
that  even  starchy  seeds  contain  more  or  less  oil.  In  endospermous, 
starchy  seeds,  this  oil  is  usually  concentrated  in  the  embryo.  If,  as 
would  be  expected,  this  oil  is  drawn  upon  very  early  during  germination, 
the  large  use  of  oxygen  in  its  conversion  into  sugars  would  give  a  tem- 
porarily low  value  to  the  respiratory  quotient  of  such  seeds,  exactly  as 
these  authors  point  out  in  regard  to  oily  seeds.  They  conclude  that,  if 
there  are  characteristic  differences  in  the  respiratory  activity  of  the  two 
classes  of  seeds,  these  differences  consist  only  in  the  minimum  value  of 
the  respiratory  quotient,  and  not  in  the  fact  or  direction  of  its  variation 

'The  coverings  of  the  mature  apple  seed  consist  of:  (i)  a  thick  brown,  fibrous  outer  coat  with  open 
micropyle;  (2)  a  thin,  translucent  inner  coat  of  very  dense  structure  and  without  openings,  suggesting  semi- 
permeable characters;  and  (3)  a  delicate,  whitish,  cellular  tissue,  somewhat  thicker  than  the  inner  coat,  and 
evidently  endospermous.  Layer  3  is  closely  adherent  to  layer  2,  and  it  is  impossible  to  remove  the  two 
separately,  though  the  embryo  is  easily  bared  by  removing  the  two  together.  The  outer  coats  constituted 
about  33  per  cent,  the  inner  coats  and  endosperm  about  11  per  cent,  and  the  embryos  about  56  per  cent  of  the 
wet  weight  of  the  seeds.  The  dry  weights  of  different  parts  were  about  15  per  cent,  5  per  cent,  and  33  per 
cent  of  the  original  wet  weight  of  the  whole  seeds. 

.Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  129-130. 
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Gerber  gives  a  minimum  value  of  about  0.30  for  the  respiratory  quo- 
tient of  germinating  oily  seeds,  while  Ivanoff  reports  values  as  low  as 
0.13.  Gerber  argues  from  his  results  that  if  the  particular  fats  stored  in 
any  given  seed  are  easily  oxidized  (flax)  the  respiratory  quotient  will  be 
near  that  for  complete  oxidation  (0.70) ,  while  if  they  are  difficultly  oxidiz- 
able  (Ricinus)  the  quotient  will  be  nearer  that  for  simple  conversion  of 
the  fat  to  sugars  and  therefore  relatively  low. 

Table  I  also  shows  a  tendency  for  the  value  of  the  respiratory  quotient 
to  rise  temporarily  in  the  initial  stages  of  germination  of  intact  apple 
seeds.  Gerber  (8)  points  out  a  similar  condition  when  the  radicles  are 
unable  to  break  the  coats,  and  assumes,  without  proper  evidence,  that 
his  occasional  high  values  of  the  respiratory  quotient  (slightly  greater 
than  1.0)  in  such  cases  are  due  to  the  transformation  of  sugars  into 
alcohol  in  the  "imprisoned  and  fatigued"  cells.  The  same  result  would 
be  obtained  by  the  splitting  up  of  the  carboxyl  groups  of  organic  acids — 
a  reaction,  which,  like  the  formation  of  alcohol,,  might  result  from  a 
deficiency  of  oxygen  in  the  respiring  tissue.  This  oxygen  deficiency,  in 
turn,  might  occur  as  a  result  of  the  limiting  effects  of  coat  structures  rela- 
tively impermeable  to  oxygen.  But  it  is  also  true  that  a  rise  in  the 
respiratory  quotient  until  it  becomes  nearly  equal  to  1  might  result  from 
the  oxidation  of  previously  accumulated  sugars  more  rapidly  than  the 
fats  are  broken  down,  without  any  reference  to  oxygen  deficiency. 
Irwin  (12)  also  calls  attention  to  the  theoretical  possibility  of  obtaining 
a  high  production  of  C02  as  a  result  of  the  splitting  of  carbonates  and 
bicarbonates  in  the  respiring  tissues  by  accumulating  organic  acids. 
Since  free  oxygen  would  ordinarily  be  consumed  in  the  formation  of  the 
organic  acids,  this  oxygen  consumption  would  tend  to  balance  the  C02 
produced  by  such  a  breaking  up  the  carbonates  and  to  hold  the  respira- 
tory quotient  at  about  its  previous  value.  In  Irwin's  work  the  increased 
production  of  C02  by  Salvia  petals  as  a  result  of  etherization  was  accom- 
panied by  decreased  acidity,  and  a  simultaneous  increase  in  oxygen 
consumption  indicated  that  the  increased  C02  production  resulted  from 
true  respiratory  exchanges.  It  is  regrettable  that  Irwin's  apparatus  (the 
Haas-Osterhout  indicator  apparatus  (19)  and  technic  did  not  involve  the 
simultaneous  determination  of  oxygen  consumption  and  C02  production 
so  that  the  respiratory  quotient  could  be  determined  and  closer  deduc- 
tion could  be  drawn  as  to  the  probable  origin  of  the  increased  output  of 
C02.  In  the  absence  of  such  data,  it  is  natural  to  suppose  that  reduction 
in  acidity  at  the  same  time  that  C02  production  was  increased  would 
involve  an  oxidation  of  organic  acids  and  an  increase  in  the  respiratory 
quotient. 

Second  experiment. — Seeds  from  a  cider  press  mash,  not  germinated 
after  incubation  as  follows: 

Lot  A,  50  days  at  200  C.  in  intact  condition,  then  68  days  at  200  with 
outer  coats  removed.4 

Lot  B,  50  days  at  300  C.  in  intact  condition,  then  68  days  at  20  to  300, 
daily  alternation,  with  outer  coats  removed.4 

Lot  C,  50  days  at  200  C.  in  intact  condition,  then  68  days  in  an  ice 
box  at  about  50  to  io°,  with  outer  coats  removed.4 

The  experiment  was  begun  May  27,  1919,  25  seeds  in  each  lot. 

All  the  seeds  in  lot  C  germinated  within  the  first  two  periods  of  two 
days  each  at  190  C.     During  the  first  period  the  volume  of  gaseous  ex- 

4  See  footnote  2  on  page  118. 
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changes  was  about  twice  and  during  the  second  period  about  four  times 
that  for  lots  A  and  B,  which  remained  dormant.  The  respiratory  quo- 
tients for  the  two  periods  were  0.81  and  0.75 — a  little  higher  than  for  lots 
A  and  B. 

Table  II  shows  the  respiratory  activity  of  lots  A  and  B  at  different 
temperatures  during  a  period  of  two  months.  During  this  time  12  per 
cent  of  the  seeds  germinated  and  were  discarded,  while  a  few  others  were 
discarded  on  account  of  injury.  All  results  were  calculated  on  the  basis 
of  the  dry  weight  of  the  material  actually  present  in  the  apparatus 
whether  this  included  the  inner  coats  or  these  had  been  removed. 

Both  the  respiratory  intensity  and  the  respiratory  quotient  rose  and 
fell  as  the  temperature  of  the  experiment  was  raised  and  lowered.  For 
each  temperature,  there  was  a  fairly  definite  respiratory  quotient  which 
was  reestablished  each  time  the  seeds  were  brought  back  to  that  tempera- 
ture from  another  temperature,  either  higher  or  lower. 

Table  II. — Respiration  of  dormant  cider  press  apple  seeds  with  outer  coats  removed 


Gaseous  exchanges   (milligrams  per  gram  dry 

weight  per  day). 

Period 

Temper- 
ature. 

CO 

2/O3  (volume) 

Oxygen  consumed. 

CO?  produced. 

A1 

B' 

A1 

B>                  A 

1 

Bs 

Hours 

°£ 

45 

19 

I.  02 

i-35 

O.98 

I.  19              O 

69 

O.  64 

46 

19 

I.  OO 

1.  61 

•99 

I.63 

72 

•73 

46 

19 

*-33 

1.  61 

1.36 

1-52 

74 

.69 

21 

30 

2.97 

2.94 

3-23 

3-°7 

79 

•I5 

46 

30 

3.20 

2.  56 

3-39 

2-44 

77 

.69 

45 

30 

4-23 

2-93 

4-73 

3-°3 

81 

•75 

43 

J9 

2.86 

2.83 

2.  61 

2.  64 

67 

.67 

45 

19 

2.80 

2-53 

2-57 

2.  24 

66 

.64 

47 

19 

2.77 

1-39 

2.48 

1-25 

05 

•65 

25 

30 

5-59 

2.05 

5-67 

1-74 

73 

.61 

48 

3° 

4.40 

i-95 

4.  70 

1.85 

77 

.68 

48 

J9 

3-25 

1.  81 

3.00 

I.  69 

67 

.67 

118 

J9 

3-31 

1.28 

3.  12 

I.  16 

68 

•65 

"5 

10 

1.  60 

.98 

i-37 

.76 

62 

.56 

121 

10 

1.  64 

1.  06 

1.  40 

.86 

62 

•59 

118 

10 

i-55 

•97 

i-35 

•  77 

03 

•58 

194 

0 

•43 

•38 

.  12 

.  21 

21 

.40 

140 

13 

1.  81 

1.  07 

1.  72 

•95 

69 

.64 

49 

30 

4-47 

3-3° 

4.91 

3-27 

79 

.72 

INNER 

COATS 

REMOVED.3      INCIPIENT   GERMINATIONS   BY    EN 

D   OI 

PERIOD 

20 

3° 

19-45 

16.  74 

22.  91 

17.87 

85 

•  77 

ALL   GERMINATING   BY   END   OF  PERIOD 

43 

19 

IO.09    '           8.86 

i 

10.30 

9.  61 

74            -78 

1  Lot  A  was  previously  incubated  under  germination  conditions  at  ao°  C,  so  days  in  intact  condition, 
then  68  days  with  outer  coats  removed.  o 

■  Lot  B  was  previously  incubated  under  germination  conditions,  so  days  at  30  C.  in  intact  condition, 
then  68  days  t  20  to    o°  C   with  outer  coats  removed 

•  See  footnote  2  on  page  118. 
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Lot  B  showed  a  generally  lower  respiratory  intensity,  lower  respiratory 
quotients,  and  a  smaller  change  in  respiratory  quotient  resulting  from 
any  given  change  in  temperature  than  did  lot  A.  All  of  these  differences 
seem  to  indicate  that  lot  B  was  in  a  state  of  deeper  dormancy  than  lot  A. 

This  condition  probably  reflects  a  greater  impoverishment  of  lot  B  in 
the  materials  used  in  respiration  as  a  result  of  previous  incubation  at  a 
higher  temperature.  Both  the  greater  intensity  of  respiration  and  the 
higher  respiratory  quotient  at  the  higher  temperature  would  work  in 
this  direction. 

This  conception  of  the  relation  of  dormancy  to  respiratory  exchanges  fol- 
lows closely  the  observations  of  Lund  and  others.  Lund  (16)  has  shown 
a  great  reduction  in  respiratory  intensity  of  Paramecia  as  a  result  of  partial 
starvation,  or,  in  other  words,  impoverishment  in  respirable  materials. 
The  character  of  his  material  would  naturally  lead  one  to  expect  a  much 
greater  reduction  in  respiratory  intensity  on  account  of  such  impoverish- 
ment than  would  occur  in  dormant  seeds,  whose  respiration  is  already  on 
a  rather  low  plane.  In  a  later  paper  (17)  the  same  author  has  shown 
that  loss  of  irritability  by  Planaria  under  anaerobic  conditions  is  much 
more  closely  associated  with  decreased  C02  production  than  with  absence 
of  consumption  of  free  oxygen.  In  the  seeds  of  lot  B,  a  decrease  in  C02 
production  relative  to  oxygen  consumption  under  aerobic  conditions 
seems  likewise  to  correspond  to  a  state  of  greater  quiescence  or  deeper 
dormancy. 

Lot  A  increased  in  intensity  of  respiration  at  a  given  temperature, 
perhaps  as  a  result  of  the  temperature  changes.  Lot  B,  which  had 
previously  been  given  a  regular  daily  alternation  of  temperatures,  showed 
a  greater  intensity  of  respiration  than  lot  A  during  the  first  few  periods 
of  the  experiment,  increased  temporarily,  and  then  fell  to  the  original 
intensity.  The  effect  of  alternating  temperatures  upon  the  respiration 
of  dormant  seeds  is,  however,  unknown,  and  may  bear  no  relation  to 
the  differences  here  noted. 

Ziegenbein  (23),  working  with  germinated  seeds,  decided  that  sudden 
changes  of  temperature  cause  no  modification  of  respiratory  intensity 
at  either  extreme  of  the  alternation.  On  the  other  hand  Palladine  (20), 
using  similar  material  which  had  been  previously  cultivated  on  sugar 
solutions  at  different  temperatures,  concluded  that  passing  from  a  high 
temperature  (360  C)  or  from  a  low  temperature  (70)  to  a  medium  tem- 
perature (180  to  200)  stimulates  the  respiration  of  plants.  Blanc  (j) 
objected  to  Palladine's  technic  and,  in  a  very  careful  piece  of  work 
upheld  Ziegenbein's  view.  Blanc  concluded  that  for  each  temperature 
there  is  a  definite  respiratory  intensity,  and  the  transition  from  the 
respiratory  activity  corresponding  to  a  given  temperature  to  that  cor- 
responding to  a  different  temperature  is  made  gradually  allowing  for  all 
respiratory  activities  intermediate  between  those  of  the  extreme  tem- 
peratures. 

While  Blanc's  results  seem  conclusive  for  the  material  he  worked 
with,  neither  he  nor  the  previous  workers  used  material  which  was  in  a 
dormant  condition.  In  view  of  the  known  effect  of  temperature  alterna- 
tions upon  the  germination  of  many  kinds  of  seeds  it  seems  possible  that 
the  respiration  of  dormant  seeds  may  at  least  in  some  cases  be  affected 
by  such  alternations  in  ways  quite  different  from  any  effect  upon  actively 
growing  material.  This  point  needs  investigation.  My  own  results  as 
here  given,  while  suggestive,  certainly  furnish  no  proof  of  such  effects. 
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The  very  low  respiratory  quotient  at  o°  C.  is  particularly  interesting 
because  it  suggests  storage  of  oxygen  at  low  temperatures  as  at  least  one 
cause  of  the  favorable  effect  of  low  temperatures  upon  after-ripening. 
Even  at  190,  the  weight  of  oxygen  taken  in  was  greater  than  that  of  C02 
given  off,  so  that  unless  some  of  the  excess  oxygen  was  split  off  as  water, 
the  seeds  were  actually  gaining  in  dry  weight.  The  obvious  suggestion 
here  is  that  oxygen  is  being  used  in  the  transformation  of  fats  to  sugars 
or  in  the  formation  of  organic  acids.  Sugars  and  acids  have  been 
shown  by  Applemann  (1),  Atwood  (2),  Brannon  (5),  Kckerson  (7),  and 
Jones  (14)  to  accumulate  during  storage  of  dormant  structures  at  low 
temperatures.  Eckerson  (7),  in  fact,  showed  an  increase  in  acidity  of 
haw  and  apple  seeds  during  incubation  at  low  temperatures,  which  were 
favorable  for  after-ripening.  I  have  found  that  the  after-ripening  of 
apple  seeds  takes  place  also  in  commercial  cold  storage  when  the  seeds 
remain  within  the  intact  fruit.  While  perhaps  it  should  not  be  expected 
in  this  case  that  oxygen  would  be  available  for  storage  in  the  seeds,  still 
the  volume  of  the  respiratory  exchanges  of  the  seeds  within  the  fruit 
must  be  small  and  must  be  governed  more  or  less  by  the  respiratory 
activity  of  the  surrounding  pulp,  so  that  the  maintenance  of  a  low  respir- 
atory quotient,  with  concurrent  increase  in  the  acidity  of  the  seeds,  may 
not  be  out  of  the  question  even  here. 

Possibly  also  the  increase  of  oxidizing  enzyms  during  after-ripening  at 
low  temperatures,  as  shown  by  Eckerson  for  apple  seeds,  and  by  Crocker 
and  Harrington  (6),  Jones  (14),  and  Rose  (21)  for  other  seeds,  and  the 
fact  that  their  catalase  activity  at  least  is  exceedingly  high  immediately 
after  germination,  as  I  have  found  in  work  as  yet  unpublished,  and  as 
previously  reported  by  Crocker  and  Harrington  (6)  and  by  Jones  (14)  for 
other  seeds,  are  significantly  related  to  their  respiratory  exchanges, 
especially  to  storage  of  oxygen  and  low  respiratory  quotient  during  after- 
ripening  at  low  temperatures  and  to  intense  oxidation  with  high  respira- 
tory quotient  in  the  first  stages  of  germination.  The  correspondence 
between  respiratory  activity  and  catalase  activity  is  especially  interesting 
in  view  of  previous  work  by  Applemann  (1),  Crocker  and  Harrington  (6), 
and  Kohl  (15)  which  seems  to  connect  this  enzym  definitely  with  respira- 
tory processes. 

In  the  last  two  periods  of  the  experiment,  the  naked  embryos  were  used. 
Germination  began  at  once,  and  in  less  than  three  days  all  had  germi- 
nated There  was  the  customary  tremendous  increase  in  respiratory 
intensity.  There  was  also  a  slight  increase  in  the  respiratory  quotients 
above  those  which  were  normal  for  the  dormant  seeds  at  the  temperatures 
used,  indicating  that,  in  this  early  stage  of  germination,  oxygen-rich  sub- 
stances were  being  respired  more  rapidly  than  the  fats  were  being  broken 
down  to  their  component  sugars.  During  the  last  period  the  oxygen  in 
the  respiration  apparatuses,  as  computed  from  their  known  volume,  was 
quantitatively  used  up,  and  the  respiratory  quotients  were  probably 
somewhat  higher  than  they  would  otherwise  have  been. 

The  temperature  coefficients  for  oxygen  consumption  and  for  C02  pro- 
duction in  consecutive  periods  of  the  preceeding  experiment  are  given 
in  Table  III. 

Table  III  shows  values  for  Ol0  ranging  from  scarcely  more  than  1  to 
nearly  4,  with  two  exceptional  higher  values  for  C02  production  at  low 
temperatures  in  case  of  lot  A.  The  values  are  greater  for  lot  A  than  for 
lot  B,  emphasizing  again  the  difference  in  response  of  the  two  lots  to 
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external  conditions.  They  are  also  greater  for  C02  production  than  for 
oxygen  consumption,  greater  when  changing  from  190  to  300  C,  than  when 
the  reverse  change  is  made,  and  greater  at  low  temperatures  than  at 
higher  temperatures.  The  differences  in  temperature  coefficients,  when 
the  reciprocal  changes  190  to  300  and  300  to  19°  are  made,  suggest  a  stim- 
ulating effect  of  the  higher  temperature,  which  is  not  entirely  lost  upon 
return  to  the  lower  temperature. 

Upon  removal  of  the  inner  coats  and  the  onset  of  rapid  germination, 
with  vigorous  respiration,  the  temperature  coefficients  remained  about 
the  same  as  for  the  same  temperature  interval  with  dormant  seeds. 

Table  III. — Temperature  coefficients  (Ql0)  for  the  respiration  of  dormant  apple  seeds 

with  outer  coats  removed, 


Temperature  interval. 


°C. 


19  to  30 

30  to  19 

19  to  30 

30  to  19 

19  to  10 

10  to     o 

o  to  13 

13  to  3° 

30  to  19  naked  germinating  embryos 


Q10  for 

oxygen 

Q10  foi 

consumption. 

produ 

A1 

B2 

A' 

2.08 

1-73 

2.20 

1-43 

1.03 

I. 71 

I.89 

i-43 

2.12 

1.32 

1.07 

i-Si 

2.32 

i-35 

2.46 

3-63 

2-53 

II.04 

3-°3 

2.21 

7.66 

I.70 

i-59 

1.85 

i-95 

1.78 

2.07 

B* 


90 

14 

35 
09 

53 
60 

15 
07 
76 


1  Lot  A  was  previously  incubated  under  germination  conditions  at  2o°C,  50  days  in  intact  condition,  then 
68  days  with  outer  coats  removed. 

s  Lot  B  was  previously  incubated  under  germination  conditions,  50  days  at  3o°C  in  intact  condition,  then 
68  days  at  200  to  300  with  outer  coats  removed. 

Third  experiment.- — Newtown  Pippin  seeds.  Fruit  stored  at  o°  C. 
to  May  7,  seeds  removed  during  next  few  days  and  incubated  under 
germination  conditions  at  50  to,io°  for  13  to  18  days.  Many  seeds  had 
germinated.  Only  those  not  germinated  were  used  for  the  respiration 
experiment.  Fifty  seeds  in  each  lot  at  beginning  of  experiment.  Some 
discarded  from  time  to  time  on  account  of  advancing  germination  or  to 
keep  a  convenient  number  in  a  given  condition  for  a  given  apparatus. 
(Table  IV.) 

The  principal  points  to  be  noted  regarding  this  experiment  are : 

1.  The  respiratory  intensity  which  was  about  the  same  at  the  beginning 
of  the  experiment  as  shown  in  Table  I,  rose  sharply  with  the  onset  of  germi- 
nation, but  fell  somewhat  after  germination,  with  the  second  period  at 
the  excessively  high  temperature  of  300  C. 

2.  The  respiratory  quotient  was  high,  as  in  the  previous  experiments, 
during  incipient  germination.  The  value  of  the  respiratory  quotient  in 
this  case  reached  1.2,  recalling  Gerber's  observations.5 

3.  The  respiratory  quotient  fell  in  value  as  respiratory  intensity 
increased  with  advancing  germination.  The  lowest  value  of  the  respira- 
tory quotient,  as  well  as  the  figures  expressing  respiratory  intensity  during 
the  same  period,  are  here  almost  identical  with  those  for  the  period  of 
greatest  respiratory  intensity  in  Table  I. 


6  See  discussion  on  page  119 
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Table  IV. — Respiration  of  Newtown  Pippin  seeds  from  cold-stored  fruit.     Seeds  not 
germinated  after  incubation  at  5°  to  10°  C.for  13  to  18  days 


Period. 

Tem- 
pera- 
ture. 

Description  of  seeds. 

Gaseous  exchanges. 
(Mgm.     per     gm. 
dry     weight     per 
day.) 

COj/Oj 

(volume). 

Oxygen 
consumed. 

CO! 

produced. 

Hows. 

45 

°C. 

19 
19 

*9 

3° 

3° 

[Several  incipient  germinations  at  end  of 
<     period. 

O.95 

•95 
•97 

1.49 

1.94 
1.80 

11.  15 

2.  01 

6.  13 

I.58 

I.56 
I.28 

1.  70 

2.  19 
2.78 

IO.  OO 

2.  56 

5-97 

I.  20 
I.  19 

46 
46 
21 

46 

54  per  cent  germinating  by  end  of  period. 

Roots  reddish. 
[A.  Not  germinated:    50   per   cent  germi- 
l     nating  by  end  of  period. 
IE.  Germinating  at  beginning  of  period .... 
[A.  Not   germinated;   44   per   cent  germi- 
<     nating  by  end  of  period. 
(B.  Germinated    at   beginning   of    period; 

slow  growth . 
(A.  Same  seeds  as  previous  period;  52  per 
I     cent  germinating  by  end  of  period. 
1 B    Same  seeds  as  previous  period 

•95 

.83 

.81 
1.  11 

•65 
.92 

•  7° 

Fourth  experiment. — Newtown  Pippins.  Cold  stored  in  fruit  until 
May  7.  Seeds  removed  and  incubated  a  few  days  at  50  to  io°  C,  then 
12  days  at  250.  Many  germinated  at  250.  Respiration  experiment 
with  those  not  yet  germinated.  Twenty-five  seeds  in  each  lot  at  first. 
Some  discarded  during  the  experiment  on  account  of  germination  or  to 
leave  a  convenient  number  in  a  given  condition  for  a  given  apparatus. 
Experiment  begun  May  27,  19 19.  (Table  V.) 
The  principal  points  to  be  noticed  in  this  experiment  are : 
i.  Respiratory  intensity  was  lower  during  the  first  period  than  in  the 
previous  experiment  with  similar  seeds  previously  incubated  only  in  the 
ice  box.  This  difference  in  resipratory  intensity  between  the  seeds  used 
in  the  two  experiments  is  correlated  on  the  one  hand  with  a  possilbe 
assumption  of  a  condition  of  secondary  dormancy  by  the  seeds  at  25 °  C, 
and  on  the  other  hand  with  a  known  increase  in  metabolic  activity  during 
the  last  stages  of  after-ripening  at  the  lower  temperature.  To  be  sure 
the  selective  effect  of  germination  during  the  previous  incubation  would 
leave  only  the  less  active  seeds  to  be  used  in  the  respiration  experiments. 
But  this  factor  could  not  account  for  the  difference  observed.  Of  the 
seeds  originally  put  to  germinate,  nearly  twice  as  large  a  percentage  of 
those  incubated  at  50  to  io°,  had  germinated  previous  to  the  respira- 
tion experiment  as  was  the  case  with  those  incubated  at  250.  The 
selection  resulting  from  germination  would,  therefore,  of  itself  tend 
toward  a  lower  rather  than  a  higher  respiratory  activity  in  the  seeds  used 
in  the  previous  experiment  as  compared  with  those  used  in  the  present 
experiment.  Since  the  two  experiments  were  begun  at  the  same  time, 
and  conducted  simultaneously  throughout,  there  can  be  no  difference 
due  primarily  to  the  mere  lapse  of  time. 
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Table  V. — Respiration\of  Newtown  Pippin  seeds,  not  germinated  after  cold  storage  in 
the  fruit  to  May  7,  incubation  at  50  to  10°  C.for  a  few  days  and  at  25°  for  12  days 


Period. 


Hours. 

45 


Tem- 
pera- 
ture. 


46 


46 


21 


46 


°C. 
19 


19 


3° 


30 


Condition  of  seeds. 


Dormant 

'A.  12  per  cent  just  beginning  to  germinate 
at  end  of  period 

B.  24  percent  germinating  at  end  of  period; 
longest  root  6  mm 

'A.  Not  germinated;  16  per  cent  germi- 
nating at  end  of  period 

B.  All  germinated  at  beginning  of  period; 
fairly  active  growth;  healthy 

A.  Not  germinated;  10  per  cent  germinat- 

ing at  end  of  period 

B.  Same  seeds  as  B  in  preceding  period; 

little  new  growth:  roots  curled  and 

reddish 

A.  Same  seeds  as  in  preceding  period; 
15  per  cent  germinating  and   5  per 

cent  moldy  by  end  of  period 

Same  seeds  as  B  in  preceding  period; 
growth  slow 


B 


1  Gaseous 

exchanges. 

(mgm.    per    gm., 
dry    weight,    per 
day.) 

Oxygen 
consumed. 

CO2  pro- 
duced. 

0.80 

O.77 

•85 

•83 

x.45 

I.  42 

I.  82 

2.25 

7-54 

6.62 

i-45 

I.  71 

13-4 

"•3 

1.36 

i-  53 

9.69 

8-55 

C02/OJ 

(volume). 


O.  70 
.72 

•71 
.89 

•63 

•85 

.61 

.81 
.64 


Furthermore,  contemporaneous  germination  tests  showed  that  very 
little  germination  occurred  at  25 °  C.  after  the  first  12  days,  while  at  50 
to  io°,  or  a  little  above,  germination  continued  slowly  and  was  nearly 
complete  within  the  next  two  weeks.  There  was  therefore  a  progressive 
change  going  on  in  each  case,  tending  to  a  condition  of  dormancy  at  250, 
and  to  complete  germination  at  the  lower  temperature.  The  impoverish- 
ment of  the  seeds  used  in  this  experiment  as  a  result  of  relatively  high 
respiratory  intensity  during  the  previous  period  at  250,  and  especially 
the  relatively  high  respiratory  quotient  no  doubt  obtaining  at  that 
temperature  on  the  one  hand,  and  the  low  respiratory  intensity  and 
storage  of  oxygen  (low  respiratory  quotient)  characteristic  of  the  lower 
temperature  on  the  other  hand,  are  no  doubt  related  to  the  comparative 
behavior,  both  as  to  respiration  and  as  to  germination,  when  the  seeds 
used  in  the  two  experiments  were  brought  to  the  same  intermediate 
temperature  of  190. 

2.  The  respiratory  intensity  increased  rapidly  with  advancing  germi- 
nation, but  fell  off  during  the  second  period  at  the  excessively  high  tem- 
perature of  300  C. 

3.  The  respiratory  quotient  corresponded  to  complete  oxidation  of 
the  fats  (0.70)  at  the  beginning  of  the  experiment,  rose  very  slightly 
during  the  earliest  emergence  of  radicles  and  much  more  during  later 
incipient  germinations,  and  fell  markedly  in  later  stages  of  germination 
in  spite  of  the  high  temperature  (300  C),  which  gives  a  high  respiratory 
quotient  in  dormant  seeds. 

Fifth  experiment. — A.  Seeds  remaining  in  lot  A  of  previous  experi- 
ment of  which  this  experiment  is  a  continuation;  B,  25  York  Imperial  seeds 
not  germinated  after  cold  storage  in  the  fruit  to  February  5,  19  *  9,  removed 
from  fruit  February  15,  and  incubation  at  50  to  io°  C.,  four  days,  and 
at  25 °  3 y2  months.  This  half  of  the  experiment  was  begun  May  27, 
1919.     (Table  VI.) 
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Table  VI. — Respiration  of  Newtown  Pippin  and  York  Imperial  seeds  dormant  after 
cold  storage  in  the  fruit  and  incubation  at  25°  C. 


Period. 

Temper- 
ature 

Gaseous  exchanges  (mgm.  per  gm.  dry  weight) 
per  day. 

COs/02  (volume). 

Oxygen  consumed. 

Cos  produced. 

A- 

B2 

A1 

B» 

A» 

BJ 

Hours. 

°c. 

45 
46 

46 
21 

19 
19 
19 

30 

3° 
3° 

O.  80 

0.81 

o-73 
•  71 

•93 

■9l 
1.56 

1.  19 

1.  11 

.91 

•94 
1.80 

•  71 



•83 

46 
45 

1.  18 

•  72 

I.36 

I.  27 

1.03 

0.68 

.67 

43 

19 

.96 

1.  01 

.78 

.78 

•59 

•56 

45 

19 

•85 

.  90 

.91 

.80 

•77 

.64 

47 

19 

.81 

.84 

.86 

.69 

•77 

•59 

25 

3° 

1.  57           i-  33 

i-59 

1-25 

•73 

.68 

48 

3° 

1.  06 

1.  00 

1.  02 

1.  02 

.81 

•74 

48 

19 

•93 

.94 

.90 

.78 

.70 

.60 

118 

19 

•  59             -63 

•59 

•57 

.72 

•65 

114 

10 

.60 

.61 

•5i 

.49 

.61 

•57 

121 

10 

.62 

.64 

•5i 

•54 

•59 

•58 

118 

10 

.62 

•65 

53 

.46 

.62 

•5° 

194 

0 

.28 

•3° 

•  14 

.16 

•37 

•39 

140 

13 

.62 

•65 

•59 

•59 

.70 

.66 

49 

30 

i-35 

1-25            x-5i 

1 

ALL  OUTER  COATS   B 

1.47 
.EMOVED  3 

.81 

•85 

20 

30 

5.  22 

4-  54 

5-°5 

4.  14 

.70 

.66 

EMOVED3 

ALL  GERMINATING  B 

Y  END  OF 

INNER 

COATS  R 

PERIOD 

43 

19 

9.  56 

7.  19 

9-53 

6.99 

.72 

.70 

1  Lot  A,  Newtown  Pippin  seeds  dormant  after  cold  storage  in  fruit,  incubation  at  50  to  io°  C  for  a  few  days 
and  then  250  for  12  days,  and  previous  respiration  experiment  at  190  and  300  for  9  days. 

*  Lot  B,  York  Imperial  seeds  dormant  after  cold  storage  in  fruit,  incubation  at  5°  to  10  °  C.  for  4  days  and 
at  250  for  3)4  months. 

'  See  footnote  on  page  118. 

Table  VI  gives  the  data  for  the  respiratory  exchanges.  None  of  these 
seeds  germinated  until  the  last  period  of  the  experiment  after  removal 
of  the  inner  coats.  All  results  were  calculated  on  the  basis  of  the  dry 
weight  of  the  material  used  in  each  period,  whether  this  included  coat 
structures  or  not. 

1.  The  respiratory  intensity  was  generally  much  lower  than  that  of 
the  dormant  seeds  with  outer  coats  removed,  which  were  used  in  experi- 
ment 2,  but  on  account  of  the  method  used  of  computing  the  results 
in  relation  to  the  material  actually  used,  the  differences  in  relation  to 
the  actively  respiring  portions  were  probably  not  as  large  as  would 
appear  from  a  comparison  of  the  two  tables. 

During  the  last  long  period  (118  hours)  at  190  C.  the  respiratory 
intensity  was  so  reduced  that  for  the  whole  period  the  average  intensity 
was  about  the  same  as  for  the  subsequent  periods  at  io°  and  for  a  later 
period  at  130.  It  is  not  possible  to  state  the  reason  for  such  a  fall  in 
respiratory  intensity  during  this  period.  It  can  not  be  the  direct  result 
of  greater  reduction  in  oxygen  pressure  or  greater  increase  in  C02  pres- 
sure than  in  previous  periods,   since  the  actual  amounts  of  gaseous 
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exchange  were  scarcely  greater  during  this  period  than  during  some 
previous  periods  at  300  C. 

2.  Respiratory  quotients  were  generally  about  the  same  as  in  experi- 
ment 2,  but  rather  irregular,  especially  with  lot  A  in  the  first  few  periods 
following  the  preceding  experiment  in  which  many  germinated;  except 
for  these  irregularities  quotients  rose  and  fell  with  rise  and  fall  of  tem- 
perature, and  they  became  very  low  at  o°  C. ;  the  respiratory  quotients 
were  higher  for  lot  A  than  for  lot  B,  probably  for  the  reason  suggested 
in  experiment  2  (see  page  120). 

3.  Removal  of  the  outer  coats  greatly  increased  respiratory  intensity 
but  decreased  respiratory  quotients  as  if  rendering  oxygen  more  avail- 
able. If  this  is  the  correct  explanation,  then  it  must  be  that  the  inner 
coats  are  readily  permeable  to  oxygen  in  aqueous  solution,  and  this 
must  hold,  too,  for  CO,.  Such  an  assumption  would  explain  the  greater 
respiratory  intensity  of  the  seeds  used  in  experiment  2,  as  compared 
with  those  used  in  experiment  5,  and  the  sporadic  germination  of  a  small 
percentage  of  the  seeds  used  in  experiment  2  during  the  course  of  the 
experiment  would  then  appear  as  probably  the  result  of  such  increase 
in  permeability  and  consequent  increase  in  respiratory  intensity.  With 
prolonged  exposure  of  the  inner  coats  to  the  air,  as  in  the  case  of  ex- 
periment 2,  they  become  somewhat  brownish  and  perhaps  less  permeable. 

4.  With  removal  of  the  inner  coats,  the  seeds  all  germinated  with 
greatly  increased  respiratory  intensity  and  little  change  in  respiratory 
quotients.  The  air  in  the  apparatuses  at  the  end  of  this  period  con- 
tained about  1  per  cent  oxygen. 

Table  VII  gives  the  temperature  coefficients  for  oxygen  consumption 
and  CO,  production  for  consecutive  periods  with  all  temperature  inter- 
vals used  in  experiment  5. 

Table  VII. — Temperature  coefficients  for  respiration  of  dormant  intact  apple  seeds 


Temperature  interval. 


°c. 


19  to  30. 
30  to  19. 
19  to  30. 
30  to  19. 
19  to  10. 
10  to  o.  . 
o  to  13 . . 
13  to  30. 


Ql°  "SSE con"    o- tor  c°2  ^durtion- 


A1 


B; 


A» 


B* 


i-37 

1.83 

1 .13 

•99 
2.25 

1.86 
i-59 


i-54 
1.09 
1.52 
1.05 
1.02 
2. 17 
1.  So 
1.48 


1.56 

i-75 
1.30 

1. 18 

3-79 
3-°4 
i-73 


.80 

,29 

71 
.28 

19 
79 
2.69 

1. 71 


1  Lot  A,  Newtown  Pippin  seeds  dormant  after  cold  storage  in  fruit,  incubation  at  s°  to  io°  C  for  a  few 
days  and  then  25°  for  12  days,  and  previous  respiration  experiment  at  190  and  300  for  9  days. 

2  Lot  B,  York  Imperial  seeds  dormant  after  cold  storage  in  fruit,  incubation  at  50  to  io°  C  for  4  days 
and  at  25°  for  3^  months. 

As  in  experiment  2,  the  values  for  Q10  are  greater  for  CO,  production 
than  for  oxygen  consumption,  greater  for  the  lot  which  I  have  supposed 
to  be  richer  in  the  more  easily  oxidizable  materials  (A)  than  for  the  other 
lot  (B),  greater  when  changing  from  190  to  300  C.  than  when  the  reverse 
change  was  made,  and  greater  at  low  temperatures  than  at  higher  tem- 
peratures. 

As  a  result  of  the  very  low  respiratory  intensity  during  the  1 1 8-hour 
period  at  190  C,  the  temperature  coefficients  from  this  temperature  to 
io°  appeared  very  low. 
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From  Table  VII  and  the  previous  table  of  temperature  coefficients 
(Table  III)  it  is  evident  that  the  values  of  Q10  for  the  respiration  of  seeds 
for  any  given  temperature  interval  may  depend  upon  a  number  of  dif- 
ferent factors,  which  have  not  as  yet  been  worked  out,  but  among  which  the 
physiological  condition  of  the  seed  and  its  previous  treatment  are  important. 

It  is  impossible  to  draw  reliable  conclusions  as  to  the  nature  of  the 
complex  of  processes  which  constitute  respiration  from  any  one  set  of 
temperature  coefficients.  Nevertheless,  it  seems  entirely  safe  to  say  that 
different  steps  in  the  complex  are  differently  affected  by  temperature 
changes — in  other  words,  have  differential  temperature  coefficients — and 
that  these  differences  are  reflected  in  the  physiological  condition  of  the 
living  embryo  can  scarcely  be  doubted. 

IMPORTANCE  OF  STUDYING  OXYGEN  CONSUMPTION  AND  CO,  PRODUC- 
TION IN  THEIR  RELATION  TO  EACH  OTHER 

A  great  many,  though  by  no  means  all,  investigators  of  respiration  have 
confined  their  attention  to  either  oxygen  consumption  or  CO,  production 
to  the  exclusion  of  the  other,  and  frequently  the  apparatus  used  has  ren- 
dered the  study  of  the  other  impossible.  Different  investigators  have  been 
led  to  consider  of  paramount  importance  one  or  the  other  of  these  two 
evidences  of  respiratory  activity.  Mayer  ( 18) ,  for  instance,  studied  only 
oxygen  consumption  because  this  was  supposed  to  correspond  much  more 
nearly  to  the  amount  of  heat  produced  by  respiration  than  does  C02  pro- 
duction. Much  of  the  oxygen  consumed  does  not  reappear  as  CO,  but  is 
built  into  the  plant  tissues.  In  this  case  C02  is  not  the  end  product  of  the 
oxidation.  On  the  other  hand,  he  points  out  that  C02  is  given  off  by  the 
reduction  of  oxygen-rich  mineral  acids,  quite  independent  of  true  respira- 
tion. Tashiro  (22)  and,  following  him,  Gurjar  (10)  emphasized  C02  pro- 
duction as  "  an  accurate  index  of  respiratory  activity." 

It  would  seem  from  the  data  in  this  paper  that  neither  oxygen  consump- 
tion nor  C02  production  can  be  considered  as  "an  accurate  index  of  res- 
priatory  activity."  Both  depend  upon  external  as  well  as  internal  con- 
ditions, which  affect  the  two  differently,  so  that  neither  alone  gives  a 
complete  picture,  much  less  a  satisfactory  understanding  of  respiratory 
exchanges.  It  seems  certain,  furthermore,  that  following  oxygen  intake 
and  CO,  output,  in  their  relation  to  each  other  and  to  external  factors, 
will  be  useful  in  pointing  the  way  to  fruitful  investigations  in  other  fields 
of  plant  phvsiology. 

SUMMARY 

(1)  The  respiratory  intensity  of  dormant  apple  seeds  is  low.  The 
respiratory  intensity  of  seeds  capable  of  germination  is  higher  and 
becomes  very  high  with  advancing  germination  but  soon  falls  some- 
what if  the  germinated  seeds  are  kept  at  too  high  a  temperature  (300). 

(2)  Removal  of  the  outer  seed  coats  or  of  both  seed  coats  increases 
respiratory  intensity  and  accelerates  germination. 

(3)  The  respiratory  quotient  of  dormant  apple  seeds  at  ordinary  tem- 
peratures (190  C.)  corresponds  to  complete  oxidation  of  fats  (0.70)  or 
to  only  slight  increase  in  sugars. 

(4)  The  respiratory  quotient  increases  with  increase  in  temperature, 
causing  impoverishment  in  easily  oxidizable  substances  and  possibly 
indicating  oxygen  deficiency  in  the  respiring  tissues. 

(5)  The  respiratory  quotient  decreases  with  decrease  in  temperature, 
indicating  a  storage  of  oxygen  which  becomes  very  considerable  at  io° 
and  o°  C.  and  probably  leads  to  increase  in  acids  and  sugars. 
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(6)  Correlated  with  a  relatively  high  rate  of  oxidation  at  high  temper- 
atures is  a  tendency  for  the  seeds  to  become  more  dormant ;  with  storage 
of  oxygen  at  low  temperatures  they  slowly  become  capable  of  germina- 
tion. 

(7)  The  respiratory  quotient  becomes  low  (about  0.60)  with  ad- 
vancing germination,  indicating  the  rapid  transformation  of  fats  and 
accumulation  of  sugars.  Preceding  this  fall  in  respiratory  quotient 
there  is  frequently  a  brief  initial  rise  (to  a  maximum  of  1.2),  which 
indicates  the  breaking  up  of  oxygen-rich  bodies  (probably  organic  acids) 
much  more  rapidly  than  these  bodies  are  replaced  and  may  be  associated 
with  a  temporary  deficiency  of  oxygen  in  the  respiring  tissues. 

(8)  The  temperature  coefficients  for  the  respiratory  exchanges  of  dor- 
mant apple  seeds  are  greater  for  seeds  previously  incubated  at  medium 
temperatures  (200  C.)  than  for  seeds  previously  incubated  at  higher 
temperatures,  greater  for  C02  production  than  for  oxygen  consumption, 
greater  when  changing  from  a  medium  temperature  (190  C.)  to  a  higher 
temperature  (300  C.)  than  when  the  reverse  change  is  made,  and  greater 
at  low  temperatures  than  at  high  temperatures. 

(9)  Temperature  changes,  at  least  temporary  elevation  of  the  tem- 
perature (to  300  C),  may  exert  a  stimulating  effect  on  the  respiration 
of  dormant  apple  seeds,  but  the  evidence  is  not  conclusive. 

(10)  Respiratory  intensity,  respiratory  quotients,  and  temperature 
coefficients  are  affected  by  the  previous  treatment  of  the  seeds,  being 
higher  after  treatment  which  tends  toward  after-ripening,  and  lower  'after 
treatment  which  induces  deeper  dormancy. 

(11)  Temperature  coefficients  are  different  for  different  steps  in  the 
oxidative  processes  which  constitute  respiration,  and  these  differences 
are  related  to  the  different  temperature  effects  upon  the  physiological 
condition  of  the  living  embryo. 

(12)  In  order  to  gain  an  understanding  of  respiratory  processes  it  is 
necessary  to  study  oxygen  consumption  and  CO,  production  in  their 
relation  to  each  other. 
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INTRODUCTION 

With  the  enormous  increase  in  the  work  upon  plant  diseases,  the  need 
becomes  apparent  for  greater  knowledge  of  the  nature  of  immunity  and 
susceptibility  to  plant  disease.  Nowhere  is  this  question  of  greater  inter- 
est than  in  the  study  of  the  cereal  rusts,  where  the  problem  of  combating 
these  diseases  is  recognized  to  be  largely  the  task  of  breeding  for  rust 
resistance. 

From  the  early  days  of  Farrer's  (14)  speculations  concerning  the  na- 
ture of  rust  resistance,  down  to  the  present,  the  problem  has  engaged 
the  attention  of  many  workers,  but  much  still  remains  to  be  learned. 
The  problem  is  being  attacked  by  the  geneticist,  the  chemist,  and  the 
cytologist.  It  is  from  the  point  of  view  of  the  last  that  the  present 
study  was  undertaken,  in  the  hope  of  learning  something  more  of  the 
actual  behavior  of  the  living  host  cell  when  attacked  by  the  fungus  and 
of  the  interaction  of  host  and  parasite. 

Farrer  (14)  attempted  to  trace  some  connection  between  morphologi- 
cal characters  and  resistance,  his  idea  being  that  a  wheat  plant  with 
small  stomata  to  keep  the  fungus  from  entering,  or  with  very  heavy 
epidermis  through  which  the  spores  could  not  erupt  to  form  pustules,  or 
a  wheat  plant  with  narrow  erect  leaves  on  which  the  drifting  spores  could 
not  lodge,  would  tend  to  be  resistant. 

Biff  en  (j),  after  careful  breeding  experiments  with  varieties  of  wheat, 
some  of  which  were  susceptible  to,  and  others  immune  from  yellow 
striperust,  concludes  that  resistance  and  susceptibility  are  quite  inde- 
pendent of  anatomical  features,  for  dissimilar  plants  may  react  similarly 
to  the  disease,  and,  what  is  even  more  conclusive,  of  two  plants,  similar 
in  all  anatomical  details,  one  may  be  resistant,  and  the  other  susceptible. 
Moreover,  immune  plants  were  seen  to  bear  small  flecks  and  even  abortive 
pustules,  showing  that  the  fungus  entered,  but  for  some  reason  was  unable 
to  develop  normally. 
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With  the  abandonment  of  the  theory  that  immunity  is  due  to  the  ex- 
clusion of  the  parasite,  recourse  was  taken  to  analogies  with  animal  dis- 
eases, and  it  was  assumed  somewhat  vaguely  that  resistance  was  due  to 
"toxins  and  antitoxins." 

DeBary  (2)  was  one  of  the  earliest  workers  to  make  careful  micro- 
scopical studies  of  grain  rusts.  In  1866  he  saw  the  germination  of  the 
urediniospores  and  the  formation  of  the  appressoria  on  the  stomata. 
He  noted  the  first  flecks  in  six  days  and  the  earliest  pustules  on  the  eighth 
day.     He  also  established  the  fact  of  heteroecism. 

Eriksson  (y-12),  in  field  studies  of  rusts,  found  epidemics  occurring 
where  there  was  no  apparent  source  of  infection  and  became  convinced 
that  the  disease  was  carried  in  some  latent  and  invisible  form  in  the 
seed  and  the  plant  growing  from  it.  He  found  no  recognizable  myce- 
lium in  the  growing  plants,  but  thought  he  detected  a  thick  plasma 
within  the  host  cells  which  he  believed  to  be  a  mixture  of  fungous  and 
host  protoplasm.  According  to  him,  when  these  infected  plants  approach 
maturity,  the  fungus  ceases  to  be  a  symbiont  in  a  latent  condition  and 
becomes  an  active  parasite.  The  nucleus  of  an  infected  host  cell  becomes 
hypertrophied  and  represents  a  combination  of  fungous  and  host  proto- 
plasm. The  nucleus  then  partially  dissolves,  setting  free  several  "cor- 
puscula  nucleoli"  of  fungous  plasm.  The  mycoplasm  is  now  mature. 
The  contents  of  these  special  corpuscles  now  pass  out  from  the  cell 
through  minute  pores  in  the  wall  and  give  rise  to  intercellular  mycelium, 
leaving  behind  the  empty  corpuscle,  which  usually  is  elongated  and  sur- 
rounded by  a  broad  "Lichthof."  In  the  primary  stage  of  the  intercel- 
lular pro  to  mycelial  life  of  the  fungus  there  are  no  distinctly  recognizable 
rust  nuclei,  but  in  the  secondary  mycelium  arising  from  the  first,  the 
rust  nuclei  are  distinct. 

Eriksson's  mycoplasm  theory  evoked  criticism  and  in  the  lively  con- 
troversy that  followed  several  cytological  studies  were  published  describ- 
ing in  detail  the  vegetative  mycelia  of  rusts  on  grains  and  grasses. 

Ward  (28,  29,  jo) ,  in  his  account  of  Puccinia  dispersa  Erikss.  on  bromes, 
figured  and  described  with  great  detail  and  accuracy  the  germination  of  the 
spore,  its  entry  through  the  stoma,  the  substomatal  vesicle,  the  hyphae 
growing  from  it,  and  the  development  of  haustoria.  He  maintained,  and 
rightly,  that  what  Eriksson  supposed  to  be  the  differentiation  of  myco- 
plasm from  the  intimate  mixture  in  the  host  cell,  and  its  exit  into  the 
intercellular  spaces  to  form  mycelium,  was  really  the  entrance  of  the 
fungus  into  the  host  cell  to  form  haustoria  and  that  Eriksson  in  study- 
ing the  haustoria  in  all  their  stages  exactly  reversed  the  sequence  of 
events. 

Eriksson  grew  grain  from  rusted  seed  in  closed  culture  cases.  A  small 
percentage  of  the  resulting  plants  were  rusted.  As  no  mycelium  was  to 
be  found  in  the  growing  plants,  this  helped  to  convince  him  that  the 
disease  was  propagated  in  latent  and  invisible  form  through  the  seed 
and  the  plant  growing  from  it.  Klebahn  (18)  repeated  these  experi- 
ments, using  rusted  seed  supplied  by  Eriksson.  No  rust  developed 
where  the  plants  were  kept  isolated.  More  recently,  Hungerford  (17) 
grew  plants  from  rusted  seed  under  most  carefully  controlled  conditions 
and  obtained  no  rusted  plants. 

Miss  Gibson  (16)  made  interesting  studies  of  the  growth  of  rust  spores 
on  plants  quite  unrelated  to  their  natural  hosts.  The  spores  germinated, 
were  attracted  to  the  stoma,  and  usually  entered  and  made  an  initial 
growth.     By  the  end  of  two  days,  or  at  latest  four  days,  the  fungus  had 
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reached  the  limit  of  its  development  and  was  shriveled  and  dead.     No 
haustoria  were  found.     She  concludes  that — 

The  facts  seem  to  suggest  that  the  death  of  the  entering  hyphae  is  not  due  so  much 
to  starvation  as  to  some  poisonous  substance  emitted  by  the  cells. 

Also  that — 

The  entrance  of  a  stoma  by  any  germ  tube  is  no  index  of  the  capacity  of  that 
germ  tube  to  infect  the  leaf. 

Miss  Marryat  (19)  studied  the  behavior  of  yellow  striperust,  Puccinia 
glumarum  (Schm.)  Erikss.  and  Henn.,  on  a  susceptible  and  an  immune 
wheat.  The  fungus  on  the  immune  host  enters  in  normal  fashion,  but 
the  hyphae  soon  become  watery  in  content,  have  few  nuclei,  and  form 
almost  no  haustoria.  The  host  tissue  soon  shrinks  and  begins  to  break 
down  and  die.  Attempts  to  form  pustules  result  in  tangles  of  hyphae 
often  lying  deep  in  the  tissues,  among  which  a  few  abortive  spores  may 
be  formed.  The  reason  for  immunity  is  not  known  but  may  be  due  to 
toxins  and  antitoxins. 

Stakman  (26,  27)  also  made  parallel  studies  of  wheat  stemrust  on 
immune  and  susceptible  varieties  of  wheat  and  also  of  oats  inoculated 
with  stemrust  from  wheat  and  barley,  rye  from  orchard  grass  rust,  and 
several  others.  The  fungus  on  an  uncongenial  host  enters  as  usual,  and 
the  first  hyphae  may  be  vigorous. 

Within  a  short  time  after  the  hyphae  become  closely  appressed  to  the  host-plant 
cells,  there  are  usually  unmistakable  evidences  of  some  deleterious  influence  upon 
the  host  cells  (27,  p.  196). 

The  plastids  become  irregular  and  are  often  clumped  and  soon  become 
fainter,  leaving  a  homogeneous,  uniformly  staining  mass.  Hyphae  may 
grow  past  cells  that  escape  injury.  A  part  of  a  host  cell  may  be  destroyed, 
leaving  the  rest  untouched.  The  harmful  effect  of  the  fungus  may  precede 
actual  fungus  invasion.  The  action  is  sometimes  less  sharp  and  rapid. 
The  more  resistant  a  form,  the  quicker  are  host  cells  and  fungus  killed. 

There  seems  to  be  a  very  definite  antagonism  between  the  immune  plant  and  the 
parasite 

and — 

immunity  and  resistance,  especially  when  very  marked,  are  quite  independent  of 

the  nourishment  of  the   plan  t{2J,  p.  198) The  evidence  would  rather 

eem  to  favor  the  view  that  the  whole  problem  is  one  of  toxins  in  the  host  or  parasite 
or,  very  probably,  in  both  (26,  p.  46). 

METHODS 

The  strains  of  wheat  stemrust  used  in  the  studies  here  recorded  were 
Puccinia  graminis  tritici  I  and  III  and  a  local  strain  found  growing  in 
the  breeding  plot  in  Berkeley.  The  varieties  of  wheat  were  Baart  or 
Early  Baart  (susceptible) ;  Kanred,  chosen  for  its  immunity  from 
several  strains  of  stem-rust  (6,  20,  and  23) ;  and  to  a  minor  extent 
Mindum  (semiresistant) .  The  seed  of  Early  Baart  used  in  this  work  was 
grown  in  the  cereal  plots  at  Davis  in  1919,  and  that  of  Kanred  came 
from  Hays,  Kans.,  in  19 17  (C.  I.  5146),  and  from  plants  grown  here  later 
from  that  seed,  and  the  Mindum  is  Minnesota  470.  The  seedlings  were 
grown  in  the  greenhouse,  inoculated  about  the  ninth  day  after  planting, 
kept  under  bell  jars  48  hours,  and  then  set  in  cheesecloth  cages.  The 
different  lots  of  seedlings  of  Baart  were  grown  and  fixed  in  October, 
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December,  and  March ;  those  of  Mindum  in  October,  January,  and  March ; 
and  those  of  Kanred  in  December,  March,  and  July.  The  present  studies 
are  limited  to  infections  on  seedlings. 

Material  was  fixed  daily  from  the  time  of  inoculation  until  14  days 
after.  The  fixing  fluids  used  were  the  chrom-acetic  mixtures,  Flemming's 
medium  solution,  and  several  modifications  of  Bouin's  fluid.  The  latter 
proved  unsatisfactory,  in  general,  although  a  few  fair  preparations  were 
obtained.  Fixing  fluids  of  ordinary  strength  served  for  the  older  tissues. 
Younger  seedlings  fixed  better  in  solutions  made  up  one-half  or  three- 
fourths  strength.     Flemming's  triple  stain  was  the  one  principally  used. 

INVESTIGATIONS 
BAART 

Baart,  or  Early  Baart,  is  susceptible  to  the  fungus  and  Mindum  is 
somewhat  resistant;  but,  as  no  differences  were  observed  in  the  earliest 
stages  of  their  development,  two  or  three  drawings  of  Mindum  are  included 
here.  Drawings  other  than  Early  Baart  are  specified.  Only  the  rust 
found  in  Berkeley  and  Puccinia  graminis  tritici  I,  were  used. 

The  wheat  leaf  is  parallel-veined,  and  over  each  vein  on  the  upper 
side  of  the  leaf  is  a  small  ridge  running  from  one  end  of  the  leaf  to  the 
other,  so  that  this  surface  of  the  leaf  is  minutely  corrugated.  The  stomata 
are  regularly  arranged  in  a  single  longitudinal  row  on  each  side  of  every 
ridge  about  midway  between  its  crest  and  the  adjoining  valley.  The 
other  side  of  the  leaf  is  relatively  smooth  and  its  rows  of  stomata  are  about 
opposite  those  of  the  ribbed  side.  The  stomata  are  all  oriented  alike,  the 
long  axis  of  the  stoma  being  parallel  to  the  length  of  the  leaf. 

The  urediniospores  were  usually  placed  upon  the  ribbed  side  of  the 
leaf  by  means  of  an  inoculating  needle  and  naturally  lodged  upon  the 
ridges  at  a  distance  of  several  cells  from  the  nearest  stomata.  Many 
of  these  spores  germinated  overnight,  pushing  out  germ  tubes  through 
the  pores  in  the  cell  wall.  The  germ  tube  hugs  closely  to  the  surface 
of  the  epidermis,  conforming  to  the  curve  of  each  cell,  and  regularly 
takes  the  nearest  route  to  a  stoma.  Perhaps  the  water  vapor  issuing 
from  the  stoma  serves  to  attract  the  germ  tube,  or  some  faint  odor 
diffuses  out  which  acts  as  a  stimulus  for  a  chemotropic  reaction.  The 
living  content  of  the  germ  tube  flows  along  as  it  grows,  leaving  very 
little  behind  in  the  older  part  of  the  tube. 

Once  the  stoma  is  reached,  the  tip  of  the  germ  tube  swells  and  the 
protoplasm  flows  into  it.  It  fits  closely  into  the  canoe-shaped  hollow 
above  the  aperture  of  the  stoma.  When  fully  formed,  the  appressorium, 
as  this  pad  or  cushion  of  fungous  protoplasm  is  called,  is  at  least  as 
large  as  the  spore  from  which  it  came  and  contains  nearly  all  of  its 
living  matter.  The  empty  germ  tube  is  now  separated  from  the  appres- 
sorium by  a  septum,  and  its  delicate  walls  soon  collapse.  It  is  seen  for 
a  time  as  a  hazy  bluish  line  but  soon  disappears. 

By  means  of  this  first  step  in  the  process  of  infection,  the  contents  of 
the  urediniospore  are  transferred  with  the  greatest  possible  economy  of 
material  to  the  nearest  point  of  entrance  into  the  host  plant.  This 
process  takes  place  rapidly,  for  leaves  placed  in  the  fixing  fluid  on  the 
day  following  inoculation  showed  dozens  of  fully  formed  appressoria. 

The  young  appressorium  contains  two  nuclei,  but  older  ones  regularly 
contain  four.     Plate  1,  A,  shows  a  slightly  oblique  longitudinal  section 
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of  a  stoma  with  its  long  femur-shaped  guard  cell  containing  plastids  and 
the  elongated  dumb-bell-shaped  nucleus,  and  a  slant  section  through  the 
adjoining  accessory  cell.  At  this  stoma  is  a  fully  formed  appressorium 
a  with  a  withered  remnant  of  germ  tube  still  attached.  Plate  3,  D, 
shows  a  surface  view  of  an  appressorium  on  Kanred  at  the  same  stage. 
The  two  guard  cells  are  flanked  by  accessory  cells,  and  the  appressorium 
is  fitted  closely  into  the  hollow  above  the  stomatal  slit. 

In  spots  where  the  spores  were  crowded  on  the  leaf,  slides  were 
obtained  showing  several  germ  tubes  competing  for-  the  same  stoma. 
Plate  1 ,  B,  shows  a  longitudinal  section  of  a  stoma  with  three  appressoria. 
The  fixing  fluid  used  for  this  preparation  was  a  modification  of  Bouin's. 
The  fluid  proved  to  be  too  strong,  but  it  is  interesting  to  note  that  while 
the  guard  cell  of  the  host  shows  pronounced  plasmolysis,  the  fungi  them- 
selves are  well  fixed.  This  is  perhaps  an  indication  that  the  fungus  has 
considerably  higher  osmotic  pressure  than  its  host.  In  this  figure 
appressorium  a  evidently  arrived  first  at  the  stoma,  as  it  occupies 
nearly  the  whole  hollow.  Appressorium  b  came  second  and  filled  in  one 
end  of  the  hollow.  It  is  evidently  younger,  being  smaller  and  binucleate. 
Appressorium  c  is  just  entering,  and  its  germ  tube  is  forming  a  swollen 
club-shaped  mass  on  top  of  a.  The  three  germ  tubes  leading  into  these 
appressoria  leave  no  question  as  to  the  separate  origin  of  these  three 
contestants  for  the  place. 

In  nearly  all  cases  the  formation  of  the  appressoria  takes  place  with 
great  regularity.  A  few  deviations  have  been  observed.  Each  of  the 
little  ridges  running  lengthwise  of  the  surface  of  the  leaf  is  reinforced  at 
its  apex  by  a  slender  band  of  heavy-walled  lignified  cells,  studded  at 
regular  intervals  by  stout  little  thorn-shaped  hair  cells.  In  two  or 
three  cases  an  appressorium  has  been  found  wedged  into  the  angle 
between  the  base  of  the  hair  cell  and  the  adjoining  epidermal  cell. 
Plate  1 ,  C,  at  a  represents  a  cross  section  of  one  of  these.  The  adjoining 
epidermal  cell  b  is  dead  and  collapsed.  In  another  case  (PI.  1,  D),  taken 
from  a  longitudinal  section  of  a  leaf  of  Mindum,  an  appressorium  formed 
on  a  dead  collapsed  ridge  cell,  failed  to  enter,  pushed  out  a  tube  and 
grew  to  the  other  end  of  the  host  cell,  and  made  a  secondary  appres- 
sorium there.  Perhaps  the  dead  host  cell  in  each  case  allowed  the 
diffusion  outward  of  materials  or  of  water  from  within  the  host,  which 
served  to  attract  the  fungus.  No  appressorium  has  yet  been  observed 
on  an  ordinary  healthy  epidermal  cell.  These  irregular  cases  form  an 
argument  against  Fromme's  theory  (15)  that  "negative  heliotropic  reac- 
tions play  an  important  part  in  bringing  about  the  stomatal  entrance 
of  the  germ-tube." 

In  entering  the  host  plant  the  appressorium  pushes  a  bladelike  wedge 
through  the  stomatal  slit,  and  the  contents  of  the  appressorium  flow 
through,  commonly  forming  a  swelling  inside  which  is  termed  the  "sub- 
stomatal  vesicle." 

Plate  1 ,  E,  shows  a  cross  section  of  a  stoma  and  the  substomatal  chamber. 
The  stoma  is  occupied  by  the  entering  fungus.  The  collapsed  germ  tube 
and  the  appressorium  can  be  seen  outside  the  stoma  and  the  beginning  of 
the  vesicle  inside. 

Plate  1,  F,  a  longitudinal  section  of  a  Mindum  stoma,  represents  a  more 
advanced  stage  fixed  on  the  second  day  after  inoculation.  It  is  drawn 
on  a  smaller  scale  than  the  preceding.  The  living  content  of  the  appres- 
sorium has  passed  through  the  stoma,  leaving  the  delicate  wall  of  the 
appressorium  with  its  withered  germ  tube  empty  and  wrinkled  but  not 
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wholly  collapsed.  Practically  no  substomatal  vesicle  was  formed  in 
this  case,  and  the  infecting  hypha  passed  off  directly  at  one  end  of  the 
stoma.  In  the  upper  part  of  this  drawing  is  shown  the  tip  of  an  infect- 
ing hypha  from  another  fungus  which  had  entered  an  adjoining  stoma. 

Plate  1,  G,  also  from  Mindum,  shows  the  fungus  a  day  older.  It  is  a 
longitudinal  section  cut  obliquely  through  the  stoma.  The  substomatal 
vesicle  here  is  well  developed  and  has  given  off  two  hyphae  at  each  end, 
into  which  the  protoplasm  has  moved,  leaving  the  substomatal  vesicle 
nearly  empty. 

Almost  without  exception  the  primary  hypha  or  hyphae  grow  along 
the  end  of  the  guard  cells  and  either  run  closely  applied  to  the  inner 
surface  of  the  epidermis  for  a  short  distance  in  a  direction  parallel  to 
the  length  of  the  leaf  or,  more  rarely,  slant  down  directly  into  the  meso- 
phyll.  The  nuclei  and  cytoplasm  follow  the  growing  tip  or  tips  of  the 
fungus,  leaving  the  vesicle  and  the  older  portions  of  the  hyphae  near  the 
stoma  practically  empty.  This  conserves  the  limited  resources  of  the 
fungus  until  connection  with  the  food  supplies  of  the  host  is  established 
by  means  of  haustoria. 

By  the  fourth  day  after  inoculation  the  mycelium  in  Early  Baart  has 
attained  a  considerable  size.  The  older  hyphae  near  the  stoma  are 
empty  or  nearly  so  and  the  first  two  or  three  mesophyll  cells  attacked 
by  the  fungus  are  overgrown  with  hyphae  and  contain  full-grown  haus- 
toria. From  this  center  the  mycelium  spreads  downward  obliquely  to 
the  vascular  bundle.  As  the  hyphae  work  their  way  through  the  inter- 
cellular spaces  they  usually  remain  in  contact  with  the  walls  of  the 
mesophyll  cells,  following  the  irregular  curved  surfaces,  but  sometimes  a 
hypha  will  cut  across  an  open  space. 

Certain  of  the  hyphae  when  unimpeded  form  long  slender  "runners." 
The  long  straight  surfaces  of  the  cells  covering  the  vascular  bundle  form 
a  particularly  favorable  place  for  this,  and  hyphae  will  run  lengthwise 
of  the  leaf  along  these  cells  for  considerable  distances.  Plate  2,  A,  at  a 
and  its  continuation  a'  shows  a  relatively  short  runner.  The  tip  of 
such  a  rapidly  growing  runner  is  slender  and  tapering,  the  cytoplasm 
fairly  dense,  and  the  two  nuclei  of  the  terminal  cell  are  generally  left 
behind  and  are  to  be  found  at  some  distance  from  the  tip.  These  nuclei 
often  are  elongated,  and  the  denser-staining  portion  inside  the  nucleus 
may  also  be  considerably  drawn  out  as  if  temporarily  misshapen  by  the 
flowing  onward  of  protoplasm  to  the  narrow  tip  of  the  growing  cell. 
Rust  nuclei  elsewhere  are  nearly  isodiametric,  being  usually  oval.  Pole- 
Evans  {13)  saw  these  elongated  nuclei  of  the  runners  and  interpreted 
them  as  cases  of  direct  nuclear  division,  but  I  have  seen  no  evidence  of 
this. 

When  the  tip  of  a  growing  hypha  strikes  a  host  cell  wall  end-on  or 
becomes  wedged  into  an  angle  between  two  or  more  cells,  or  grows  into 
a  "blind  alley"  in  the  intercellular  spaces  of  the  leaf,  it  may  make  a 
haustorium.  In  fact,  that  is  commonly  the  way  in  which  the  changes 
preparatory  to  the  formation  of  a  haustorium  are  initiated.  It  is  not 
always  essential  that  the  growth  in  length  of  a  hypha  be  forcibly  checked, 
for  a  small  minority  of  cases  have  been  seen  in  which  a  haustorium 
was  formed  by  a  hypha  whose  tip  appeared  to  be  free  to  continue  growth. 
Yet  even  in  some  of  these  cases  (PI.  2,  D,  and  C,  b)  a  careful  comparison 
of  the  sections  before  and  after  the  one  in  question  may  show  that  the 
obstructions  were  present  in  the  plane  above  or  below. 
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A  hypha  about  to  form  a  haustorium  undergoes  certain  very  charac- 
teristic changes,  and  as  these  cells  are  to  be  found  by  hundreds  there  is 
little  doubt  as  to  the  details  of  the  process.  In  Plate  2,  B,  the  hypha, 
in  growing  up  along  the  surface  of  one  mesophyll  cell,  touched  a  second 
mesophyll  cell  obliquely  at  b,  became  deflected,  and  then  the  tip  struck 
a  third  cell  squarely  at  c.  Growth  in  length  is  forcibly  halted,  the  hypha 
has  thickened,  its  contents  are  concentrated  near  the  tip,  and  the  two 
nuclei  have  moved  up. 

The  next  step  in  this  process  is  seen  in  Plate  2,  C.  The  hypha  growing 
up  touched  a  host  cell  first  on  one  side,  then  on  the  other,  and  then  the 
end  struck  a  third  cell  at  a.  There  was  room  enough  to  grow  on,  by 
bending,  but  growth  in  length  was  checked  temporarily  and  other  changes 
started.  The  slender-tipped  growing  hypha  has  now  swollen  into  a 
broad  club  with  its  end  closely  applied  to  the  wall  of  the  host  cell.  The 
pair  of  nuclei  which  lag  behind  in  a  rapidly  growing  tip  have  moved  up 
and  have  evidently  undergone  division.  Two  of  the  daughter  nuclei 
have  moved  out  into  the  swollen  terminal  portion.  The  other  two  are 
lying  a  short  distance  behind.  The  four  daughter  nuclei  are  nearly 
full  grown  and  are  about  equal  in  size. 

Soon  after  this  a  septum  forms,  thus  giving  rise  to  a  short  terminal 
cell.  This  is  the  haustorium  mother  cell.  Plate  2,  D,  shows  such  a 
case  and  also  A  at  b  and  e  and  C  at  b.  This  haustorium  mother  cell 
contains  one  of  the  two  pairs  of  daughter  nuclei.  It  varies  considerably 
in  shape  according  to  the  available  space,  but  when  relatively  free  it  is 
oval. 

There  has  been  a  marked  change  in  the  size  of  the  nuclei.  Before 
the  septum  formed,  all  four  were  approximately  equal.  Now  the  pair 
of  nuclei  in  the  penultimate  cell  are  full  grown,  while  those  of  the  terminal 
cell  have  undergone  a  marked  decrease  in  size.  The  nuclei  are  always 
present  but  are  less  than  half  of  their  former  size.  Not  only  is  the 
nucleus  as  a  whole  reduced  but  also  the  densely  staining  body  within  it. 
Whether  the  dense  spherical  mass  within  the  nucleus  is  a  true  nucleole 
or  contains  chromatin  as  well,  I  have  been  unable  to  determine.  There 
is  some  evidence  of  a  delicate  chromatin  network  running  through  the 
nuclear  cavity  as  figured  by  Blackman  (4)  in  another  rust,  but  these 
vegetative  nuclei  are  minute  and  it  is  difficult  to  determine  the  details. 

The  penultimate  cell  now  regularly  pushes  out  one  or  more  slender 
hyphae  just  below  the  septum.  This  is  seen  in  Plate  2,  D,  where  a  small 
budlike  branch  is  just  pushing  out,  and  in  A,  just  below  the  haustorium 
mother  cell  at  b,  where  the  branch  has  already  attained  some  length. 
The  formation  of  a  haustorium,  then,  does  not  stop  the  growth  of  a  hypha 
permanently,  for  growth  is  practically  always  continued  by  means  of 
these  side  branches. 

This  haustorium-producing  cell  has  a  broad  surface  contact  with  the 
host  cell,  and  its  contents  have  become  very  dense  (PI.  2,  E).  The 
branches  below  it  in  this  case  are  slower  than  usual  in  forming  but  are 
beginning  to  push  out.  When  the  fungus  is  ready  to  enter,  a  minute 
pore  is  formed  in  the  wall  of  the  fungus  cell  and  in  the  host  cell  wall 
next  to  it,  probably  by  means  of  enzyms  secreted  by  the  fungus.  The 
pore  is  ultramicroscopic  in  size;  at  least  I  have  never  seen  it.  Occa- 
sionally, however,  at  a  later  stage  when  the  haustorium  is  formed,  one 
finds  a  small  circular  red-stained  spot  on  the  host  cell  wall  surrounding 
the  point  of  entrance  of  the  fungus.     This  suggests  that  the  wall  here 
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has  been  altered  in  composition,  possibly  because  of  the  local  spreading 
of  the  enzym  that  made  the  pore. 

The  formation  of  the  minute  opening  in  the  two  walls  places  the  two 
osmotic  membranes  of  host  and  parasite  in  direct  contact,  and  the  sub- 
stance of  the  haustorium  mother  cell  immediately  begins  to  push  through 
into  the  host  cell  (PI.  2,  E).  As  has  been  mentioned,  the  osmotic  pressure 
in  the  fungus  is  probably  higher  than  in  its  host,  and  this  entrance  may 
take  place  automatically  by  the  extension  of  the  fungous  membrane  as . 
water  passes  into  the  fungus  from  the  weaker  solution  in  the  host  cell. 
This  extension  of  the  fungous  cell  into  the  host  is  accompanied  by  a 
corresponding  invagination  of  the  host  protoplast.  The  appearance 
suggests  strongly  that  the  plasma  membrane  of  the  host  is  not  broken 
but  merely  cupped  by  the  invader. 

A  slightly  larger  haustorium  is  seen  in  Plate  2,  F.  The  peglike  hau- 
storium of  the  earlier  stage  has  now  become  differentiated  into  its  two 
parts,  the  body,  a  dense  globular  mass  showing  no  details  of  its  contents, 
and  the  slender  neck.  The  haustorium  mother-cell  is  still  dense  in 
contents,  and,  as  in  Plate  2,  E,  there  are  concentrated  darker  staining 
masses  within  it. 

Plate  2,  G,  is  typical  of  a  slightly  later  step  in  the  process.  The 
penultimate  cell  has  its  pair  of  full-grown  nuclei  and  is  pushing  out 
branches  just  below  the  septum.  Much  of  the  contents  of  the  terminal 
cell  have  passed  into  the  haustorium,  and  in  the  less  dense  remainder 
we  discover  that  the  two  small  nuclei  are  still  present.  The  young 
haustorium  consists  of  a  dense  ball  of  fungous  cytoplasm  which  stains  a 
uniform  deep  red  and  a  narrow  neck  joining  this  ball  to  the  parent  cell. 
The  haustorium  is  still  invested  with  host  cytoplasm  and  still  gives  the 
impression  of  having  stretched  the  peripheral  layer  of  the  cytoplasm  of 
the  host  inwards  and  pushed  it  ahead  into  the  central  vacuole,  forming 
a  sort  of  pocket.  If  this  impression  is  correct,  the  young  haustorium  is 
in  one  sense  still  outside  of  the  living  protoplast  of  the  host,  having 
merely  indented  its  plasma  membrane.  The  fact  that  the  turgor  of  the 
host  cell  is  not  destroyed,  but  is,  on  the  contrary,  slightly  increased, 
would  also  suggest  an  unbroken  osmotic  membrane. 

Plate  2 ,  A,  c  and  d,  shows  a  somewhat  more  advanced  stage.  The  cell 
at  d  giving  rise  to  the  haustorium  is  now  empty  except  for  a  rim  of  cyto- 
plasm concentrated  at  its  distal  end  near  the  point  of  exit  into  the 
haustorium.  The  haustorium  c  is  larger  and  the  two  nuclei,  or  at  least 
the  nucleoles,  are  clearly  visible  in  it.  It  is  also  beginning  to  expand,  as 
is  seen  from  the  small  vacuole  within  it.  The  rest  of  the  haustorium  is 
homogeneous  in  appearance. 

Still  later  (PI.  2,  H)  the  parent  cell  appears  to  be  empty,  and  the 
haustorium  now  contains  the  complete  protoplast  of  a  fungous  cell. 
The  haustorium  has  undergone  a  rapid  expansion  by  the  absorption  of 
water  from  the  host  and  now  presents  an  appearance  similar  to  that  of 
the  cell  from  which  it  came.  The  cytoplasm  has  much  the  same  structure 
as  before  except  that  it  is  more  open.  One  of  the  two  nuclei  is  clearly 
visible  in  it. 

Plate  2,  I,  shows  an  older  U-shaped  haustorium  seen  from  the  upper 
end  of  the  U.  The  cytoplasmic  investment  is  exceptionally  heavy  and 
includes  a  chloroplast  at  a  and  a  small  accumulation  of  cytoplasm  about 
the  neck.  Looking  into  the  ends  of  this  haustorium,  one  sees  that  the 
peripheral  portion  is  much  more  loose  and  open  in  structure  than  the 
center.     Even  the  older,  full-grown  haustoria  often  have  a  denser  core. 
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A  noteworthy  point  in  connection  with  this  process  is  the  fact  that  the 
empty  haustorium  mother  cell  remains  plump.  Hundreds  of  these  cells 
are  to  be  found  in  infected  tissue,  and  while  their  shape  may  vary 
greatly  according  to  the  available  space,  they  all  give  the  impression  of 
having  turgor.  This  would  suggest  that  when  the  cell  contents  entered 
the  host  cell  to  form  the  haustorium,  at  least  a  thin  membrane  was  left 
behind,  lining  the  cell  wall  of  the  mother  cell,  and  that  this  membrane  is 
continuous  through  the  pore  with  the  membrane  of  the  haustorium 
inside  the  host  cell. 

It  would  be  difficult  to  explain  the  passage  of  food  from  the  haustorium 
to  the  mycelium  through  the  empty  cell  if  the  latter  does  not  possess  an 
osmotic  membrane,  for  its  cell  wall  alone,  if  it  is  of  ordinary  composition, 
at  least,  would  allow  the  escape  of  both  the  water  and  the  food  materials 
contained  in  it. 

The  host  cell  of  Early  Baart  at  this  time  shows  no  deleterious  effects  of 
the  fungus. 

In  some  cases,  even  in  the  half-grown  haustorium,  it  is  still  possible  to 
distinguish  the  two  minute  nuclei,  or  at  least  the  nucleoles  (PI.  3,  A).  In 
the  full-grown  worm-shaped  or  branched  haustoria  (B  and  C),  however, 
they  can  rarely  be  distinguished,  although  it  is  possible  that  they  are 
still  present. 

The  cell  drawn  in  Plate  3,  B  (less  magnified  than  I  e  rest)  was  located 
near  the  center  of  a  6-day-old  infection.  Cells  adjoining  it  were  nearly 
filled  with  haustoria  and  surrounded  by  a  felt  of  hyphae.  The  cell  drawn 
contains  two  large  haustoria,  which  are  intimately  associated  with  the 
living  contents  of  the  host  cell,  being  covered  with  a  rich  layer  of  host 
cytoplasm.  The  infected  host  cell  presents  a  flourishing  appearance  and 
may  even  have  more  plastids  and  cytoplasm  than  an  uninfected  cell. 

A  part  of  one  of  the  large  bundle-sheath  cells  from  a  7-day  infection  is 
shown  in  Plate  3,  C.  The  plane  of  the  drawing  was  near  the  upper  surface 
of  the  cell  and  includes  some  of  the  cytoplasm  lining  its  upper  wall.  Three 
very  large  haustoria  and  one  half -grown  one  are  shown.  At  the  left  was 
an  intricate  tangle  of  hyphae  not  included  in  the  drawing.  It  is  not 
uncommon  to  find  8  or  10  full-grown  haustoria  in  one  of  these  large  cells. 
The  haustoria  possess  a  delicate  limiting  membrane  inclosing  what  appears 
to  be  fungous  cytoplasm.  There  is  often,  but  not  always,  a  denser  core. 
Nearly  every  haustorium,  too,  possesses  one  or  more  rounded  clear 
spaces.  These  may  be  true  vacuoles,  or,  in  the  living  cell,  they  may 
have  been  filled  with  food  material  of  an  oily  nature  that  was  dissolved 
out  during  the  preparation  of  the  slide.  The  necks  of  these  large  hau- 
storia in  Plate  3,  C,  may  have  led  to  hyphae  on  the  upper  surface  of 
the  cell  and  may  have  been  lost  in  sectioning. 

Here,  as  in  the  younger  material,  the  host  cell  gives  every  evidence  of 
functioning  normally,  or  even  with  somewhat  heightened  activity,  and 
host  and  parasite  seem  fully  congenial. 

KANRED 

The  seedlings  of  Kanred  given  the  same  treatment  as  that  described 
for  Early  Baart  showed  marked  resistance  to  the  local  strain  of  rust.  In 
repeated  trials  the  fungus  failed  to  produce  flecks  large  enough  to  be 
visible  to  the  naked  eye. 

Cytological  study  show 3  that  the  spores  germinate  readily  on  Kanred 
leaves.     The  germ  tubes  make  their  way  directly  to  the  stomata,  where 
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typical  appressoria  are  formed.  Plate  3,  D,  shows  a  tangential  view 
of  a  stoma  with  the  fully  formed  appressorium  fitted  closely  to  its  outer 
surface.  A  withered  remnant  of  germ  tube  is  still  attached  at  a,  the 
four  nuclei  are  located  near  the  center,  and  by  looking  down  through  the 
cytoplasm  of  the  appressorium  one  can  see  the  narrow  stomatal  slit. 
These  appressoria  are  formed  in  great  numbers,  and  when  the  spores  are 
abundant  on  the  leaf,  two,  three,  and  even  four  appressoria  can  be  seen 
crowded  together  at  a  single  stoma. 

As  was  stated  in  a  preliminary  account  of  this  work  (/),  relatively 
few  of  these  appressoria  pass  through  the  stomatal  slit  in  Kanred  to 
form  mycelium  within  the  host.  Six  days  after  inoculation  only  5  out 
of  100  appressoria  had  entered.  Material  taken  8,  10,  and  even  12 
days  after  inoculation  still  showed  numerous  appressoria  and  relatively 
few  infections.  Moreover  the  plants  were  not  uniform  as  to  the  per- 
centage of  entries.  Of  two  plants  grown  side  by  side  in  the  same  pot 
and  fixed  at  the  same  time,  one  might  show  very  few  entries  and  the 
other  a  percentage  considerably  above  average.  For  greater  accuracy, 
counts  were  made  and  the  results  presented  in  Table  I. 

Table  I. — Percentage  of  entries  in  Kanred  at  different  dates  after  inoculation  with  rust 


Number  of 

days  after 

inoculation. 

Total  number 
of  fungi 
counted. 

Number  of 
entries. 

Percentage 
of  entries. 

6 

8 
10 
12 

IOO 

77 
145 

5 
14 

7 
16 

s 
10+ 

9 

11  + 

Under  the  conditions  of  this  experiment  only  about  10  per  cent  of  the 
fungi  enter.  The  other  90  per  cent  remain  outside  the  stomata  until 
they  dry  and  fall  off. 

Plate  3,  D,  represents  an  appressorium  fixed  6  days  after  inoculation. 
Eight  days  after  inoculation  the  majority  are  still  vigorous.  A  few, 
however,  show  signs  of  degeneration.  Plate  3,  B,  represents  a  longi- 
tudinal section  through  a  stoma  on  which  at  a  is  the  shrunken  appres- 
sorium with  vacuolated  cytoplasm  and  scarcely  distinguishable  nuclei. 
After  10  days  the  majority  of  the  appressoria  are  withered,  but  a  few 
(PI.  3,  F)  are  still  vigorous.  By  the  twelfth  day  under  greenhouse 
conditions  practically  all  the  appressoria  are  withered  and  collapsed 
(PI.  3,  G).  In  the  open,  especially  if  subjected  to  a  wind,  the  death  of 
the  appressoria  probably  would  take  place  sooner. 

A  brief  comparative  study  of  Baart  shows  that  the  fungus  enters 
much  more  readily.  Four  days  after  inoculation  26  out  of  39  appres- 
soria, or  67  per  cent,  had  entered  the  host. 

The  stomata  of  living  leaves  of  Kanred  were  studied  and  drawn  during 
early  afternoon  of  a  bright  day  when  some  of  the  stomata  under  green- 
house conditions  are  wide  open.  These  drawings  were  measured  as  to 
length  and  breadth  of  the  stoma  as  a  whole,  and  the  slit  was  measured 
in  length  and  width.  Plate  4,  A,  represents  the  average  of  these  measure- 
ments. Using  the  same  methods,  and  the  same  magnification,  an  aver- 
age stoma  of  Early  Baart  was  drawn  (PI.  4,  B). 
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A  comparison  of  the  two  drawings  shows  several  differences.  The 
stoma  of  Baart  is  large  and  opens  wide.  That  of  Kanred  is  relatively- 
slender  and  the  aperture  is  smaller.  In  fact,  the  general  epidermis  of 
Kanred  is  finer  in  character,  the  ordinary  epidermal  cells  being  narrower 
than  in  Early  Baart. 

In  Baart  the  fungus  enters  freely.  In  Kanred,  under  the  particular 
conditions  of  these  experiments,  nine-tenths  of  the  fungi  are  excluded. 
One  would  suppose  that  even  the  smaller  stoma  of  Kanred,  if  fully  opened, 
would  permit  the  entrance  of  the  fungus.  It  may  be  that  the  naturally 
small  stomatal  slit  in  Kanred  is  still  further  narrowed  by  stomatal  action 
when  an  appressorium  comes  in  contact  with  it.  The  presence  of  the 
appressorium  might  act  as  a  stimulus  by  mere  contact,  by  altering  the 
gaseous  exchange  through  the  stoma  or  disturbing  the  moisture  rela- 
tions, by  exerting  a  possible  toxic  influence  upon  the  guard  cells,  or  by 
its  presence  shutting  off  some  of  the  light  from  the  guard  cells.  It  is 
at  least  conceivable  that  the  guard  cells  might  be  sensitive  to  the  appres- 
sorium and  remain  closed,  thus  excluding  the  fungus. 

Concerning  the  effect  of  light,  Pool  and  McKay  (22)  have  shown  in 
connection  with  their  work  on  the  relation  of  stomatal  movement  to 
infection  by  Cercospora  beticola  Sacc.  that  light  is  an  important  factor  in 
stomatal  activity,  the  stomata  opening  in  strong  light  and  closing  in 
reduced  light.  Part  of  the  material  from  which  these  counts  were  made 
was  grown  in  December  when  the  light  is  poor,  and  part  in  March  when 
the  light  here  is  slightly  above  average.  Both  gave  an  average  of  about 
10  per  cent  of  entries  in  Kanred.  Mindum  and  Baart,  grown  at  the 
same  times  and  in  the  same  light  and  given  parallel  treatment  throughout, 
showed  the  fungus  entering  much  more  freely.  If  the  partial  exclusion 
of  the  fungus  is  due  to  deficient  light,  or  to  some  other  factor  in  the 
environment,  it  is  only  in  the  smaller  stomata  of  Kanred  (of  the  forms 
so  far  studied)  that  this  factor  plays  a  decisive  role. 

In  the  foregoing  studies  a  strain  of  wheat  stemrust  was  used  to  which 
Kanred  is  extremely  resistant.  Other  strains  of  the  rust  are  known  which 
can  attack  Kanred  and  produce  pustules.  One  of  these,  Puccinia 
graminis  tritici  III  Pers.,  was  kindly  supplied  by  Dr.  Stakman,  and  a 
preliminary  study  has  been  made.  The  seedlings  were  grown,  inoculated, 
and  fixed  in  July,  and  by  good  fortune  encountered  the  only  hot  weather 
of  the  season.  Study  of  the  slides  shows  that  on  the  whole  a  larger  per- 
centage of  the  fungi  enter.  There  is  great  variability  among  the  plants, 
an  occasional  plant  showing  very  few  entries,  and  another  as  high  as  30 
per  cent,  the  average  being  about  20  per  cent.  This  is  based  on  a  study 
of  only  8  plants  and  a  total  count  of  about  500  fungi.  It  remains  to  be 
determined  whether  the  increase  in  the  percentage  is  to  be  explained  by 
the  fact  that  host  and  fungus  are  congenial  or  by  the  fact  that  in  this 
experiment  the  seedlings  were  exposed  to  greater  light  and  heat. 

In  the  experiments  with  the  rust  to  which  Kanred  is  resistant,  10  per 
cent  of  the  appressoria  effected  an  entrance.  When  a  Kanred  stoma  is 
partly  closed,  the  slit  is  widest  near  the  ends.  In  the  cases  of  entry  in 
Kanred  that  have  been  observed,  the  fungus  passes  through  the  stomatal 
slit  near  one  end  and  swells  up  inside,  forming  the  usual  substomatal 
vesicle,  from  which  a  normal  infecting  hypha  grows  along  the  inner  sur- 
face of  the  epidermis  to  the  nearest  parenchyma  cell.  Here  the  hypha 
begins  in  normal  fashion  the  formation  of  a  haustorium  in  the  mesophyll 
cell.     The  tip  of  the  hypha  forms  a  broad  contact  with  the  host  cell,  and 
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the  usual  septum  appears  some  distance  back,  forming  the  cell  that  is 
to  give  rise  to  the  haustorium. 

With  the  entrance  of  the  fungus  into  the  host  cell,  however,  making 
the  first  actual  contact  between  the  living  protoplasm  of  host  and  para- 
site, abnormal  changes  begin.  Plate  4,  C,  shows  the  first  recoil  from 
the  contact.  The  haustorium-producing  cell  a  is  partially  collapsed  and 
has  shrunken  away  from  the  host  cell.  There  is  a  small  red-stained  spot 
on  the  host  cell  wall  at  the  point  of  entry  of  the  fungus.  The  scattered 
watery  contents  of  the  haustorium  mother  cell  are  in  sharp  contrast  to 
the  normal  haustorium-producing  cell.  The  latter  at  this  stage  (compare 
PI.  2,  A,  at  d  and  PI.  2,  G)  would  be  turgid,  closely  appressed  to  the  host 
cell,  and  the  remainder  of  its  protoplasm  would  form  a  dense  layer  close 
to  the  point  of  exit  into  the  haustorium.  The  appearance  here  suggests 
that  some  substance  diffuses  out  from  the  host  cell,  disorganizing  the 
haustorium-producing  cell.  The  harmful  effect  does  not  stop  here,  for 
the  cytoplasm  of  the  hypha  below  the  mother  cell  has  drawn  back  sharply 
from  the  septum,  suggesting  retreat  from  the  advance  of  some  plasmolyz- 
ing  substance.  It  is  not  probable  that  this  plasmolysis  is  due  to  fixation 
for,  as  pointed  out  earlier,  the  osmotic  pressure  in  fungous  tissues  is  high 
and  the3^  are  rarely  shrunken  by  ordinary  fixing  fluids. 

Changes  in  the  host  cell  are  equally  marked.  The  first  change  is  an 
increase  in  turgor.  By  a  fortunate  mistake,  one  of  the  fixing  fluids  used 
proved  too  strong  for  the  younger  seedlings  of  Kanred.  Preparations 
from  it  show  the  healthy  mesophyll  cells  plasmolyzed,  while  the  cells 
attacked  by  the  fungus  remain  turgid,  thus  indicating  an  altered  chemi- 
cal condition  in  the  host  cell  induced  by  the  fungus.  This  excess  of 
turgor  in  the  attacked  cell  is  rapidly  succeeded  by  a  collapse,  as  seen  in 
Plate  4,  C,  and  the  protoplast  may  contract  into  separate  masses,  each 
of  which  may  include  plastids.  Even  the  cell  wall  shrinks  irregularly, 
leaving  points  on  the  outline  of  the  cell.  The  nuclear  contents  are  dis- 
solved, although  the  nuclear  membrane  is  distinct.  Only  in  the  imme- 
diate vicinity  of  the  fungus  are  the  plastids  altered.  There  they  appear 
as  an  indistinct  mass.  The  adjoining  host  cells  are  perfectly  normal  in 
appearance. 

A  later  stage  in  this  reaction  is  seen  in  Plate  4,  D,  showing  a  longitudinal 
section  through  the  epidermis  and  stoma.  A  portion  of  the  collapsed 
appressorium  is  seen  on  the  outer  surface  at  a  and  the  substomatal  vesicle 
just  inside  the  guard  cell  at  b.  Here,  as  before,  only  a  single  mesophyll 
cell  at  e  was  attacked.  The  disordered  contents  of  this  cell,  the  absence 
of  the  nucleus,  the  clumped,  misshapen  plastids,  and  the  rough  jagged 
points  on  the  cell  left  by  the  irregularly  collapsing  wall  give  ample  proof 
of  the  attack.  It  is  to  be  noted  in  passing  that  in  this  case  the  collapse 
of  the  wall  is  sharply  localized  at  e,  and  the  end  of  the  cell  farthest  from 
the  fungus  is  relatively  smooth  in  outline.  The  remaining  stub  of  the 
infecting  hypha,  with  its  ragged  discolored  tip  at  d,  lies  at  some  distance 
from  the  host  cell  attacked.  It  may  be  that  here,  too,  as  in  the  earlier 
stage  just  described,  the  fungous  cytoplasm  retreated  down  the  hypha  to 
its  base.  Here  a  septum  was  laid  in  at  c,  walling  it  off.  The  relative 
abundance  of  cytoplasm  and  nuclei  in  the  substomatal  vesicle  supports 
this  view.  The  haustorium  and  the  cell  producing  it  and  the  portion  of 
the  hypha  intervening  between  it  and  the  stub  have  disappeared  com- 
pletely. 
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Plate  4,  E,  a  tangential  section  of  material  taken  10  days  after  inocula- 
tion, shows  the  final  stage  of  this  process.  The  fungus  evidently  entered 
several  days  before  the  material  was  fixed.  At  a  is  seen  a  cross  section  of 
the  projection  from  the  appressorium  that  pushed  through  the  stoma,  and 
at  b  the  hypha  is  seen.  The  part  connecting  a  and  b  was  cut  off  in  sec- 
tioning. The  hypha  grew  to  the  nearest  mesophyll  cell.  At  its  distal 
end  this  hypha  fades  out  and  seems  to  be  partially  dissolved.  Only  one 
host  cell  was  killed,  and  it  is  pale,  having  lost  the  intense  affinity  for  stains 
possessed  by  newly  killed  cells.  No  structures  are  recognizable  within  the 
cell,  and  it  is  shrunken  and  no  longer  jagged  in  outline.  A  markedly 
thickened  wall  is  to  be  seen  at  the  contact  between  the  dead  cell  and  the 
healthy  mesophyll  cell  adjoining  it. 

A  fungus  which  has  been  checked  in  its  first  attempt  to  establish  par- 
asitic relations  with  the  host  may  still  possess  enough  vigor  to  grow.  In 
Plate  4,  D,  the  nucleus  and  cytoplasm  certainly  suffice  for  the  production 
of  a  secondary  infecting  hypha  and  cases  are  to  be  found  in  which  this 
has  happened.  Plate  5,  A,  is  a  section  nearly  tangential,  showing  the 
stoma  and  adjoining  epidermis  above  and  mesophyll  tissues  below.  The 
fungus  entered  the  stoma  at  c  and  formed  two  infecting  hyphae.  One  at 
e  attacked  a  mesophyll  cell  with  the  result  that  both  the  cell  and  the 
hypha  leading  to  it  died.  Several  slender  threadlike  projections  on  this 
dead  host  cell  evidently  represent  the  remnant  of  the  irregular,  jagged 
points  seen  on  attacked  mesophyll  cells  in  earlier  stages.  A  disintegrat- 
ing remnant  of  the  haustorium  mother-cell  is  to  be  seen  at  the  left  of  the 
dead  cell  near  e.  A  shorter  infecting  hypha  was  formed  at  b.  The  killed 
host  cell  lies  just  above  it  and  is  found  in  the  next  section.  These  two 
attempts  did  not  exhaust  the  fungus.  A  third  hypha  pushed  out  running 
along  the  edge  of  the  stoma  to  a,  and  its  tip  some  distance  farther  on 
contains  a  meager  amount  of  living  cytoplasm.  The  fourth  and  last 
attempt  is  at  d,  where  a  minute  haustorium  mother-cell  is  forming, 
equipped  with  thin  cytoplasm  and  two  nuclei  so  small  and  faint  that  they 
are  scarcely  distinguishable. 

An  extreme  case  of  this  sort  is  seen  in  Plate  5,  B,  where  a  fungus  made 
no  less  than  six  distinct  attacks.  Two  fungi  entered  this  stoma,  as  may 
be  seen  from  the  two  well-developed  substomatal  vesicles.  Of  these, 
one  was  quickly  dispatched.  A  single  infecting  hypha  was  formed, 
resulting  in  a  dead  mesophyll  cell  at  b  and  a  dead  discolored  hypha  at  a. 
The  other  pushed  off  two  primary  infecting  hyphae,  numbers  6  and  1. 
With  the  death  of  No.  1,  No.  2,  a  smaller,  less  vigorous  hypha,  branched 
out  from  its  base.  No.  2,  in  turn,  died,  and  then  came  successively 
smaller  and  feebler  hyphae,  numbered  3,  4,  and  5.  Only  the  last  two 
of  these  contain  living  cytoplasm.  Nuclei,  if  present,  are  too  small  to 
be  definitely  distinguished.  One  can  hardly  believe  that  a  single  spore 
could  provide  sustenance  for  so  long  a  struggle.  It  is  possible  that  the 
same  cytoplasm,  retreating  from  one  infecting  hypha,  takes  part  in  the 
next  attack.  It  is  to  be  noted  that  there  is  a  septum  near  the  base  of 
each  one  of  these  dead  infecting  hyphae  which  might  mark  the  limit  of 
the  retreat  as  did  the  septum  at  c  in  Plate  4,  D.  It  may  also  be  that  the 
reaction  of  the  host  against  the  fungus  was  a  little  slower  in  this  case  and 
that  some  slight  nourishment  was  extracted  by  the  fungus  before  the 
toxic  reaction  began. 

Several  of  the  host  cells  in  this  preparation  have  completely  collapsed 
and  others  are  dying.     The  walls  of  the  latter  are  thick  and  stained  red. 
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The  central  vacuole  is  obliterated,  and  the  whole  cell  cavity  presents  a 
loose,  dark  granular  appearance  in  which  the  plastids  (some  of  them 
almost  normal  in  size  and  shape)  are  faintly  discernible.  The  nuclei 
have  disappeared.  Adjoining  this  pathological  tissue  are  cells  quite 
normal  in  appearance  except  for  an  occasional  thickened  wall. 

These  thickenings  of  the  wall  occur  at  the  surface  of  contact  between 
two  cells  as  at  c  in  Plate  4,  E,  and  but  rarely,  if  ever,  on  those  parts  of  the 
cell  wall  which  abut  upon  intercellular  spaces.  Usually  the  cell  on  one 
side  of  such  a  wall  is  pathological  and  the  cell  on  the  other  side  is 
healthy.  There  is  some  evidence  that  these  thickened  contact  walls  are 
impervious  and  prevent  the  diffusion  of  substances  to  and  from  the  dis- 
eased cell.  This  may  serve  as  a  protection  to  the  healthy  cell  by  walling 
it  off  from  any  toxic  materials  formed  in  the  pathological  tissue. 

In  view  of  the  fact  that  a  vague  impression  exists  among  pathologists 
that  the  immune  host  attacked  by  rust  somehow  walls  itself  off  from  the 
fungus,  thus  checking  its  spread,  it  should  be  emphasized  here  that  this 
formation  of  heavy  walls  between  cells  in  no  way  excludes  the  fungus 
itself.  So  far  as  is  known,  rust  hyphae  do  not  enter  cells  nor  pass  from 
one  cell  into  another.  The  only  entrance  into  a  cell  is  for  the  purpose  of 
forming  a  haustorium,  and  this  takes  place  from  an  intercellular  space, 
and  in  Kanred  at  least,  the  host  cell  walls  adjoining  intercellular  spaces 
are  practically  always  left  thin. 

In  some  cases  the  reaction  between  host  and  parasite  is  more 
sluggish  than  in  the  examples  described.  The  fungus  makes  a  full-grown 
haustorium  and  gains  enough  food  from  it  to  enable  the  hypha  to  branch 
and  grow  on  to  the  next  cell  before  the  first  haustorium  and  the  invaded 
host  cell  die.  The  new  hypha  makes  a  second  haustorium  and  this  may 
be  repeated  several  times  and  further  branching  may  occur.  The  inter- 
action of  host  and  fungus  is  slower  in  starting  and  not  quite  so  severe  in 
its  effects.  The  result  is  a  succession  of  dead,  discolored  hypha';  and 
dead  host  cells  and  an  ever  weakening  advance  of  the  fungus.  As  many 
as  two  dozen  cells  or  even  more  may  be  involved  before  the  fungus  dies. 

In  Plate  6,  A,  drawn  on  a  larger  scale  than  the  preceding,  is  shown 
the  advancing  growth  of  the  fungus.  The  dead  cell  at  e  already  has 
succumbed  to  the  attack  of  the  fungus.  At  d  is  a  nearly  empty  hausto- 
rium mother  cell  which  has  discharged  its  contents  into  the  host  cell 
to  form  the  haustorium  at  c.  The  haustorium  itself  looks  normal,  but 
it  lacks  the  cytoplasmic  envelope  of  host  cytoplasm.  Evidently  the 
normal  relation  of  host  and  parasite  has  not  been  established.  Still 
younger  haustoria  of  the  same  mycelium  show  this  cytoplasmic  layer, 
but  the  older  haustoria  usually  lack  it.  Perhaps  some  substance  diffuses 
from  the  haustorium  into  the  host  cell  which  either  destroys  or  repels  the 
cytoplasm  surrounding  the  haustorium.  At  b  in  the  same  figure  (PI.  6,  A) 
is  an  older  haustorium,  the  neck  of  which  does  not  lie  in  this  section. 
The  advancing  tip  of  the  fungus  at  a  has  formed  a  typical  and  fairly 
vigorous  haustorium-producing  cell  with  dense  red-stained  contents  and 
two  minute  nuclei,  and,  as  usual,  the  hypha  has  branched  below  this  cell. 
The  host  cell  shows  no  further  signs  of  disturbance.  Its  nucleus,  which 
lies  above  the  plane  of  the  drawing  in  the  same  section,  is  unaltered  in 
appearance. 

Plate  6,  B,  shows  a  slightly  older  part  of  the  same  mycelium.  At  e  is 
a  full-grown  haustorium  which  is  somewhat  vacuolated  and  ragged  about 
the  edge  and  has  lost  its  connection  with  the  cell  at  d  that  produced  it, 
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but  is  still  plump.  At  a  is  an  empty  haustorium  mother  cell  still  con- 
nected with  b,  the  large  worm-shaped  haustorium  produced  by  it.  At 
c  is  a  second  empty  cell  and  its  haustorium.  A  considerable  part  of  the 
contents  of  the  host  cell  has  collapsed  into  a  mass  about  these  two 
haustoria.  The  remainder  of  the  cell  looks  normal.  The  host  nucleus 
which  is  included  in  this  shrunken  mass  shows  decided  signs  of  disinte- 
gration. Although  this  part  of  the  host  cell  has  collapsed  from  the  com- 
bined effect  of  two  large  haustoria,  the  fungus  itself  does  not  seem  to  be 
harmed.  The  haustoria  have  not  collapsed,  nor  is  there  any  discoloration 
of  the  hyphae  outside. 

The  results  of  a  somewhat  different  balance  of  forces  is  seen  in  Plate 
6,  C,  which  represents  a  cell  of  the  same  mycelium  but  two  or  three  cells 
away  from  those  drawn  in  B.  Here  the  host  cell  has  not  begun  to  col- 
lapse and  shows  no  signs  of  deterioration  due  to  the  fungus,  but  the 
haustorium  at  a,  which  was  evidently  very  large,  has  collapsed  into  a 
crumpled,  irregular  mass;  the  haustorium  mother  cell  outside  at  b  is 
wrinkled,  flattened,  and  discolored,  and  the  hypha  below  it  is  similarly 
affected  for  a  short  distance. 

The  details  of  the  process  may  vary  in  different  cases,  but  they  come 
to  the  same  end.  Plate  6,  D,  is  typical,  with  the  dead  host  cell  e  stained 
a  dense  red  and  showing  but  little  or  no  detail  in  cell  contents,  the  col- 
lapsed haustorium  mother  cell  a  with  its  walls  stained  deep  red,  and  the 
hypha  devoid  of  cytoplasm  below  this  cell  and  also  for  some  distance 
up  the  branch  springing  from  its  base. 

Although  the  reaction  by  which  host  and  fungus  are  killed  is  consid- 
erably slower  here  than  in  the  cases  described  earlier,  it  is  still  fairly 
rapid.  Another  mycelium,  of  the  same  age  and  found  in  the  same  leaf 
near  this  one,  was  completely  killed.  The  dead  host  cells  and  an  occa- 
sional dead  hypha  were  all  that  remained. 

In  older  material,  all  traces  of  the  mycelium  disappear  except  the  initial 
hypha  at  the  stoma.  Just  how  this  happens  is  not  known.  The  hyphae 
can  hardly  be  supposed  to  dry  up,  for  the  intercellular  spaces  of  the  leaf 
must  form  an  excellent  damp  chamber.  Moreover,  the  hypha  nearest 
the  stoma  where  some  drying  might  take  place  is  the  one  that  persists 
the  longest.  In  material  taken  10  days  after  inoculation,  no  traces  of 
intercellular  mycelium  were  discovered. 

DISCUSSION 

Pole  Evans  (13),  in  a  comparative  study  of  the  histology  of  the  uredo 
mycelia  of  cereal  rusts,  notes  characteristic  differences  between  the  species 
and  tabulates  his  results  as  to  the  appressorium ;  the  form,  size,  and  septa- 
tion  of  the  substomatal  vesicle;  the  number  of  the  infecting  hyphae;  the 
size  and  form  of  the  haustoria,  etc.     He  says: 

These  different  species  of  Puccinia  in  the  early  stages  of  development  of  their  uredo 
mycelia  exhibit  morphological  characters  (seen  especially  in  connection  with  the 
formation  of  the  substomatal  vesicle)  which  serve  at  once  to  distinguish  them  from 
one  another. 

There  doubtless  are  typical  morphological  differences  between  the  vegeta- 
tive mycelia  of  different  rusts,  but  Plate  1 ,  F  and  G,  shows  some  of  the 
difficulties  involved  in  any  attempt  to  classify  rusts  on  this  basis.  We 
have  here  the  same  rust  on  the  same  host.  Yet  in  one  case  there  is  prac- 
tically no  vesicle  and  only  one  infecting  hypha,  and  in  another  there  are 
a  large  vesicle  and  four  hyphae.     All  gradations  between  the  two  can  be 
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found.  The  fungus  is  decidedly  plastic,  and  its  individual  vicissitudes 
are  written  in  its  morphology. 

These  observations  on  the  behavior  of  an  immune  host  attacked  by  a 
parasite  are  not  extensive  enough  to  warrant  definite  conclusions,  but 
they  are  at  least  suggestive.  The  resistance  of  Kanred  to  this  strain  of 
stemrust  appears  to  depend  on  two  and  perhaps  even  three  distinct 
characteristics — one,  the  nature  of  its  stomata  by  which  under  the 
conditions  of  this  experiment,  at  least,  all  but  a  few  of  the  fungi  are 
excluded,  another,  the  formation  in  the  invaded  host  cells  of  a  substance 
or  substances  fatal  to  the  fungus,  and  third,  the  heavy  cell  walls  between 
affected  and  healthy  host  cells,  by  which  the  spread  of  possible  toxic 
materials  into  healthy  tissues  may  be  prevented. 

Concerning  the  first  point,  one  would  suppose  that  a  very  narrow 
passage  would  suffice  for  the  entrance  of  the  fungus.  Blackman  (4, 
p.  339) ,  in  describing  the  process  of  fertilization  at  the  base  of  the  aecium 
in  Phragmidium,  tells  how  the  nucleus  passes  from  one  cell  to  the  other 
through  a  very  fine  pore.     He  adds : 

Neither  before  nor  after  its  passage  could  a  pit  in  the  wall  be  observed. 

Smith  (24),  in  describing  the  formation  of  haustoria  in  Erysiphe,  is  im- 
pressed by  the  narrowness  of  the  neck  through  which  the  nucleus  and 
cytoplasm  of  the  fungus  pass  to  form  the  body  of  the  haustorium. 
Eriksson  (u)  is  concerned  by  the  fact  that  the  exit  of  the  so-called 
mycoplasm  of  the  cell  into  the  intercellular  spaces  to  form  mycelium 
(or  what  is  now  believed  to  be  the  passage  inward  from  the  mycelium  to 
the  host  cell  to  form  the  haustorium)  must  take  place  through  an  invisible 
opening  in  the  wall. 

It  effuses  through  the  subtile  pores  that  must  be  supposed  to  exist  in  the  cell  wall, 
that  is  to  say,  in  the  same  way  as  the  plasmodesmes  between  the  cells. 

But,  perhaps,  instead  of  comparing  the  entrance  of  the  appressorium 
to  the  formation  of  a  haustorium,  or  to  fertilization,  in  which  the  fungus 
forms  a  very  fine  pore  in  a  wall  and  passes  through  it,  one  ought  rather  to 
compare  the  appressorium  in  its  tendencies  and  tropisms  to  the  hypha, 
feeling  its  way  sensitively  along  the  intercellular  spaces  and  easily  checked 
in  its  course  or  deflected  from  it  by  obstructions.  On  this  basis  one  would 
not  expect  the  appressorium  to  pass  through  a  much  narrower  channel 
than  a  hypha  would  enter. 

In  Kanred  seedlings  exposed  to  Puccinia  graminis  tritici  I  Pers.,  under 
the  particular  conditions  of  this  experiment,  but  1  fungus  in  10  entered  the 
stoma.  This  fact  is  of  small  importance  so  far  as  this  strain  of  rust  is 
concerned,  for  the  immunity  of  this  host  is  so  great  that  even  if  all  the 
fungi  entered  the  host  would  not  be  appreciably  harmed.  However, 
this  form  of  hindrance  to  the  entrance  of  the  fungus  may  not  be  limited 
to  Kanred.  Ward  (29,  p.  37)  in  his  work  with  Puccinia  dispersa  Erikss. 
on  bromes  says : 

The  vesicles  and  appressoria,  infecting  tubes,  &c,  may  be  visible  much  later  than 
this  however  (i.  e.,  four  days),  and  it  seems  probable  that  infection  can  occur  after 
delay,  at  least  up  to  the  sixth  or  eighth  day,  a  point  worth  investigating. 

The  limited  work  with  Puccinia  graminis  tritici  III  Pers.  would  seem  to 
show  thathere,  too,  a  large  majority  of  the  fungi  are  excluded.  Even  if  only 
one-fifth  of  the  fungi  entered,  however,  it  would  not  always  mean  that 
only  one-fifth  as  much  damage  would  be  done  by  the  parasite.  It  has 
often  been  noted  in  studying  inoculated  seedlings  of  wheat  and  oats  that 
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where  large  numbers  of  competing  mycelia  are  crowded  in  a  leaf,  the 
pustules  formed  are  minute  and  produce  few  spores.  The  available  food 
supply  may  be  the  main  limiting  factpr.  When,  on  the  other  hand,  the 
mycelia  are  few  and  scattered,  each  attains  to  its  full  development  and 
produces  many  spores.  Moreover,  in  inoculations  made  by  placing  a 
single  spore  on  a  leaf  of  Early  Baart,  it  has  been  noted  that  after  the  pus- 
tule has  developed  the  mycelium  spreads  radially.  Its  extent  can  be 
determined  by  a  slight  discoloration  of  the  leaf.  Several  days  after  the 
formation  of  the  primary  pustule,  a  circle  (or  ellipse,  rather,  for  the 
growth  is  more  rapid  in  the  longitudinal  direction)  of  secondary  pustules 
forms  around  the  margin  of  this  spot.  Given  a  free  chance  to  develop,  the 
damage  done  and  the  spore  output  resulting  from  the  entrance  of  a  single 
fungus  into  the  host  may  be  considerable. 

If,  then,  many  spores  are  used  in  inoculation  and  only  one  in  five 
produces  infection  the  damage  to  the  host  and  the  resulting  spore  output 
of  the  fungus  is  certainly  more  than  one-fifth  of  what  it  would  be  if  all 
had  entered.  When  relatively  few  scattered  spores  are  placed  on  the 
plant  and  only  one  in  five  produces  a  mycelium,  the  results  would  be 
approximately  one-fifth  what  they  would  be  if  all  had  entered.  The 
latter  would  be  usual  under  field  conditions;  and  if  later  it  should  be 
proved  that  the  stomata  of  Kanred  behave  in  the  same  way  in  the  field 
as  they  do  in  the  greenhouse,  this  characteristic  would  have  some 
economic  importance. 

By  becoming  thoroughly  familiar  with  the  habits  of  the  fungus  in  a 
congenial  host,  some  light  has  been  thrown  on  its  history  in  an  immune 
host.  By  learning  to  recognize  the  very  regular  and  characteristic 
transformation  through  which  a  hypha  goes  before  a  haustorium  is  formed, 
and  the  appearance  of  the  haustorium  mother  cell  during  and  after  the 
production  of  the  haustorium,  one  learns  to  recognize  the  attempts  of  the 
fungus  to  form  haustoria  in  an  immune  host  and  to  see,  in  defeated 
attempts,  the  history  written  there. 

The  fungus  follows  a  normal  course  of  development  up  to  the  time  when 
the  parasite  enters  the  host  cell.  When,  in  Kanred,  there  is  evidence  of 
at  least  the  beginning  of  the  formation  of  a  haustorium,  and  there  has 
been  actual  contact  between  the  cytoplasm  of  host  and  fungus,  both  the 
host  cell  and  the  fungus  near  it  die.  But  a  hypha  can  skim  the  surface  of 
a  cell,  or  even  wrap  itself  around  it,  and,  so  long  as  no  haustorium  is 
initiated,  host  and  fungus  are  unharmed.  Stakman  (27,  p.  196),  as 
already  mentioned,  also  noted  that  a  hypha  in  an  immune  host  could 
pass  by  cells  without  harming  them. 

When  the  reaction  is  slower  after  the  entrance  of  the  fungus  into  a  host 
cell  and  haustoria  succeed  in  growing  to  full  size,  more  details  of  the  pro- 
cess can  be  learned.  The  fact  that  the  cytoplasmic  envelope  of  the  grow- 
ing haustorium  in  Kanred  disappears  rapidly  points  to  the  possibility 
that  the  fungus  may  be  giving  out  some  substance  into  the  host  cell. 
Certainly  the  host  cell  undergoes  chemical  changes,  whether  due  to  the 
mere  physical  presence  of  the  haustorium  or  to  some  substance  diffusing 
from  it,  and  these  changes  result  in  the  death  of  the  host  cell.  Moreover, 
some  substance,  or  maybe  more  than  one,  diffuses  from  the  host  cell 
into  the  haustorium;  and  this  results  either  directly  or  indirectly  in  the 
death  of  the  haustorium,  the  collapse  of  the  cell  producing  it,  and  the 
plasmolysis  or  death  of  a  portion  of  the  penultimate  cell  below.     This 
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may  happen  while  the  haustorium  is  still  small  and  even  before  the  entire 
contents  of  the  haustorium  mother  cell  have  entered  the  haustorium; 
or  the  action  may  be  much  slower,  allowing  full  development  of  the 
haustorium. 

There  is  irregularity  in  the  balance  of  forces  of  the  interaction  between 
host  and  parasite,  for  in  one  case  the  host  cell  is  severely  damaged  at  a 
time  when  the  fungus  is  not  visibly  harmed,  and  in  another  the  host  cell 
is  still  normal  in  appearance  while  the  fungus  has  succumbed.  Miss 
Marryat  (ig,  p.  136)  cites  a  nearly  parallel  case.  In  describing  the  general 
effect  of  Puccinia  glumarum  (Schm.)  Erikss.  and  Henn.  on  American  Club, 
a  variety  of  wheat  resistant  to  it,  she  says: 

Even  hyphae  which:  have  managed  to  put  out  hau.storja^mayjDecome  filled  with 
small  granules  and  their  outlines  appear  so  faint  and  indlstirfct  that  they  seem  on  the 
road  to  complete  disintegration.  The  host  cells  in  such  cases  often  appear  moderately 
healthy,  but  in  other  portionsof  the  leaf  one  may  find  hyphae  which  are  still  flourishing 
whilst  the  host  cells  in  their  vicinity  are  gradually  dying,  a  response  to  a  too  vigorous 
onslaught  on  the  part  of  the  parasite . 

Stakman  (26,  27)  also  notes  variability  in  the  struggle. 

Butler  (5),  in  an  excellent  review  of  the  literature  on  immunity  in 
plants,  sums  up  the  evidence  for  a  connection  between  acidity  of  cell  sap 
and  immunity,  showing  that  in  some  diseases  greater  acidity  favors 
fungous  attack,  in  others  it  retards  it,  and  in  still  others  is  indifferent. 
In  yet  other  cases  a  change  in  acidity  during  ontogeny  is  accompanied  by 
parallel  changes  in  immunity.  A  form  of  wheat  resistant  to  rust  had 
more  acid  in  its  sap  than  the  other  varieties  tested. 

Wheat  seedlings  do  undergo  rapid  chemical  changes  of  some  sort.  One 
of  the  fixing  fluids  which  plasmolyzed  the  younger  seedlings  fixed  them 
well  a  week  later.  There  is  no  evidence  in  my  work  at  present  that  would 
connect  this  general  change  with  rust  resistance. 

There  seems  little  room  in  this  particular  case  for  the  "starvation" 
theory  of  immunity  tentatively  discussed  as  one  of  the  possibilities,  by 
Ward  (28-30),  Marryat  (79),  Gibson  (16),  Spinks  (25),  and  others.  At 
every  point  of  entry  into  a  host  cell  the  fungus  is  either  killed  back  or 
driven  back  for  a  short  distance.  When  the  reaction  of  the  host  is  some- 
what deferred,  the  fungus  makes  a  haustorium,  and  it  evidently  extracts 
food  from  the  host— enough  at  least  to  let  it  grow  on  to  new  cells— and 
there  is  no  evidence  that  this  food  is  of  an  unsuitable  nature.  Here  in  these 
slower  reactions  we  have,  too,  at  least  a  hint  that  the  harm  done  by  the  host 
to  the  fungus  is  due  to  a  chemical  reaction  initiated  after  the  entrance  of  the 
fungus  into  the  host  cell.  The  increased  turgor  of  the  host  cell  following 
its  entrance  points  in  the  same  direction.  To  be  sure  the  fungus  sooner 
or  later  exhausts  itself  in  these  unsuccessful  attempts  to  enter  into  food 
relations  with  the  host,  but  the  observations  recorded  here  suggest  that 
in  this  case  at  least  the  failure  of  the  fungus  is  due  not  so  much  to  lack 
of  proper  food  in  the  host  as  to  a  specific  reaction  set  up  there  which  de- 
stroys the  fungus. 

Ward  (28- 30) ,  Marryat  (19),  Gibson  (16),  Orton  (21),  Stakman  (26,  27), 
and  others  favor  the  theory  that  immunity  in  plant  diseases  is  due  to 
antagonistic  reactions  between  host  and  parasite  analogous  to  the  forma- 
tion of  specific  toxins  and  antitoxins  in  animal  diseases,  and  tne  limited 
evidence  presented  here  is  in  line  with  this. 
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SUMMARY 

The  germination  of  the  spores  and  the  formation  of  the  appressoria  on 
the  stomata  take  place  in  the  same  way  in  the  susceptible  and  immune 
hosts. 

In  Baart  the  fungus  enters  freely  and  grows  rapidly.  In  Kanred,  under 
greenhouse  conditions,  only  a  few  of  the  fungi  pass  through  the  stomata; 
the  rest  remain  outside  until  they  shrivel  and  die. 

In  a  congenial  host,  numerous  haustoria  are  formed.  A  slender- 
growing  hypha  strikes  a  host  cell,  swells  at  the  tip,  its  pair  of  nuclei 
divide,  and  a  septum  is  formed,  marking  off  a  short  terminal  cell.  This 
haustorium  mother  cell  is  closely  appressed  to  the  host  cell,  forms  a  fine 
pore  through  its  wall  and  the  host  wall,  and  its  contents,  including  both 
the  nuclei,  which  have  decreased  in  size,  and  the  cytoplasm,  now  pass  in, 
forming  the  haustorium.  The  osmotic  membrane  of  the  host  appears  to 
be  invaginated  by  the  haustorium,  but  apparently  is  still  intact. 

In  Kanred  the  process  is  similar  until  a  small  haustorium  is  formed, 
which,  either  by  its  presence,  or,  as  is  more  likely,  by  secreting  some  sub- 
stance in  the  host  cell,  sets  up  chemical  reactions  within  that  cell,  causing 
its  collapse  and  death.  The  further  diffusion  of  toxic  substances  into 
healthy  host  tissues  is  checked  by  the  formation  of  thickened  contact  walls. 
One  or  more  of  the  substances  formed  in  the  host  cell  diffuse  into  the 
haustorium,  killing  it,  and  causing  collapse  of  the  mother  cell  and  the 
death  and  plasmolysis  of  the  hypha  back  of  it  for  some  distance.  If  this 
reaction  is  rapid,  the  haustorium  is  destroyed  while  still  very  small;  if 
more  sluggish,  a  full-grown  haustorium  may  be  formed  and  some  nourish- 
ment for  further  growth  be  extracted  by  the  fungus. 

Kanred  possesses  three  means  of  defense  against  this  strain  of  stemrust ; 
stomata  which  shut  out  the  majority  of  the  fungi,  the  heavy  contact  walls 
adjoining  pathological  cells,  and  a  true  immunity.  The  observations 
recorded  here  are  in  line  with  the  theory  that  immunity  is  due  to  definite 
antagonistic  chemical  interactions  between  host  and  parasite. 
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PLATE   i 

A. — Longitudinal  section  of  stoma  of  Baart  bearing  a  fully  formed  appressorium. 

B. — Three  appressoria  at  one  stoma  of  Baart.     The  guard  cell  is  plasmolyzed. 

C. — Cross  section  of  appressorium  at  a  hair  cell  on  the  ridge  of  the  leaf. 

D. — Appressorium  formed  on  a  dead  cell  at  the  apex  of  a  rib  on  a  leaf  of  Mindum, 
a  durum  wheat.     A  secondary  appressorium  has  formed  from  the  first. 

E. — Cross  section  of  a  leaf  of  Baart,  showing  stoma  and  substomatal  chamber  and 
the  fungus  in  the  act  of  entering  the  stoma. 

F. — Longitudinal  section  of  stoma  of  Mindum,  showing  empty  appressorium  con- 
nected with  the  infecting  hypha  within.     No  substomatal  vesicle  formed. 

G. — Oblique  longitudinal  section  from  Mindum,  showing  large  substomatal  vesicle 
and  four  infecting  hyphae. 
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PLATE  2 

A. — Portion  of  4-day  mycelium  showing  a  "runner"  at  a  and  a',  haustorium  mother 
cells  at  b  and  e,  and  a  young  haustorium  at  c  forming  from  the  cell  d. 

B. — Hypha,  forcibly  checked  in  growth  by  striking  host  cell,  preparing  to  form 
haustorium. 

C. — Similar  but  slightly  older.  The  tip  of  the  hypha  is  swollen,  the  pair  of  nuclei 
have  divided,  and  one  daughter  pair  has  moved  to  the  tip.     At  b,  a  slightly  later  stage. 

D. — Septum  formed  a  short  distance  back  from  the  tip  of  hypha,  forming  the  haus- 
torium mother  cell.  Its  nuclei  have  decreased  in  size.  Branch  forming  from  hypha 
behind. 

E- — Beginning  of  haustorium  formation.  The  young  haustorium  is  a  peglike  pro- 
jection into  the  host  cell.     Mother  cell  very  dense. 

F. — Slightly  older  haustorium  differentiated  into  neck  and  body.  Mother  cell  still 
dense  in  content. 

G. — Larger  haustorium,  still  invested  with  a  sheath  of  host  cytoplasm.  Contents 
of  haustorium  mother  cell  less  dense.  Its  nuclei  much  smaller  than  those  of  hypha 
behind. 

H. — Entire  contents  of  haustorium  mother  cell  emptied  into  haustorium. 

I. — Larger  haustorium  with  denser  core  and  heavy  envelope  of  host  cytoplasm, 
including  a  plastid  at  a. 

Drav/ings  were  made  from  preparations  of  Puccinia  graminis  tritici  on  Baart. 


J 


PLATE  3 

A. — Baart.  A  half-grown  haustorium  and  the  empty  cell  from  which  it  arose.  The 
nucleoles  of  the  nuclei  still  visible. 

B. — A  cell  of  Baart  (drawn  on  a  smaller  scale)  showing  two  full-grown  haustoria. 
Material  fixed  6  days  after  inoculation.     Host  cell  not  visibly  damaged. 

C. — Baart  taken  7  days  after  inoculation.  Cell  of  bundle  sheath  containing  one  half- 
grown  haustorium  and  three  full-grown  ones.     Host  cell  still  normal. 

D. — Appressorium  on  stoma  of  Kanred,  6  days  after  inoculation.     Tangential  section. 

E. — Longitudinal  section  of  Kanred  stoma  8  days  after  inoculation,  bearing  an 
appressorium  which  is  slightly  shrunken. 

F. — Tangential  section  of  stoma  and  appressorium  10  days  after  inoculation. 

G. — Longitudinal  section  of  Kanred  stoma  bearing  withered  appressorium  12  days 
after  inoculation. 
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PLATE  4 

A. — Diagrammatic  drawing  of  Kanred  stoma  representing  the  average  of  the  meas- 
urements of  20  camera  drawings  of  stoma. 

B. — Similar  drawing  representing  the  average  Baart  stoma. 

C. — Infecting  hypha  after  attacking  a  mesophyll  cell  of  Kanred.  The  contents  of 
the  host  cell  are  collapsed,  and  its  nucleus  nearly  dissolved.  The  haustorium  mother 
cell  a  is  shrunken,  and  the  hypha  below  is  plasmolyzed. 

D. — Later  stage;  one  mesophyll  cell  attacked  and  its  contents  disordered.  In- 
fecting hypha  dead,  substomatal  vesicle  still  vigorous. 

H. — Oblique  section  showing  remnant  of  infecting  hypha.  Contact  wall  between 
dead  and  living  host  cells  thickened. 


PLATE   5 

A. — Entry  of  rust  through  Kanred  stoma  and  the  formation  of  four  infecting  hyphae 
at  a,  b,  d,  and  e. 

B. — Two  substomatal  vesicles  at  one  stoma.  One  produced  a  single  infecting 
hypha  at  a,  killed  the  host  cell  at  b,  and  died.  The  second  exhausted  itself  in  produc- 
ing six  successive  infecting  hyphae  (No.  i  to  6)  and  killed  a  considerable  patch  oi 
host  tissue. 
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PLATE  6 

A. — Young  growth  of  a  small  mycelium  in  Kanred.  Haustorhim  mother  cell  at  a, 
young  haustorium  without  sheath  of  host  cytoplasm  at  c,  and  host  cell  killed  by  the 
fungus  at  e. 

B. — Older  portion  of  same  mycelium.  Several  empty  haustorium- mother  cells  and 
two  large  haustoria  at  b  and  c.  Host  cell  contents  collapsed  about  them.  Fungus  not 
visibly  harmed. 

C. — Large  haustorium  crumpled  and  dead.  The  haustorium-mother  cell  b  col- 
lapsed and  the  hypha  below  it  empty  for  a  short  distance.  Host  cell  normal  in  appear- 
ance. 

D. — Later  stage.     Host  cell  and  hypha  both  dead. 


AFTER-RIPENING  AND  GERMINATION  OF  APPLE 

SEEDS x 

By  George  T.  Harrington,  formerly  Scientific  Assistant,  and  Bertha  C.  HiTE, 
Scientific  Assistant,  Seed-Testing  Laboratories,  United  States  Department  of  Agri- 
culture 

When  first  matured  and  in  intact  condition,  apple  seeds  are  wholly- 
incapable  of  germinating.  Furthermore,  as  will  be  shown  later,  they  do 
not  acquire  the  power  to  germinate  under  the  ordinary  conditions  for  the 
storage  of  dry  seeds,  or  under  germination  conditions  at  moderate  or 
warm  temperatures. 

It  is  the  custom  of  nurserymen  to  layer  apple  seeds  in  sand  and  put 
them  outdoors  over  winter.  While  this  practice  probably  brings  about 
good  germination  the  following  spring,  Eckerson  (8)2  has  shown  that 
exposure  to  freezing  temperatures  is  not  at  all  necessary,  as  the  seeds 
germinate  well  after  being  kept  moist  for  a  few  months  at  50  to  6°  C. 
The  present  paper  deals  further  with  the  effect  of  storage  conditions, 
including  the  presence  or  absence  of  the  seed  coats  and  inclusion  within 
or  removal  from  the  fruit,  on  after-ripening  and  germination. 

In  the  germination  tests  reported  in  this  paper,  usually  25  or  50  seeds, 
and  sometimes  100  or  200  seeds,  were  used  either  in  single  tests  or  in 
duplicate  tests,  according  to  the  number  of  seeds  which  were  available. 
The  tests  were  made  in  Petri  dishes  with  moist  blotting  paper  or  absorb- 
ent cotton  as  seed  bed. 

AFTER-RIPENING   AT  LOW  TEMPERATURES 

i.  On  October  28,  1918,  Black  Ben  Davis  apple  seeds,  which  had  never 
been  allowed  to  become  air  dry,  were  thoroughly  washed,  sterilized  by 
treating  for  two  or  three  minutes  with  1  per  cent  silver  nitrate,  washed 
again  in  running  water,  which  carried  chlorids  enough  to  precipitate  the 
silver  still  remaining  on  the  coats,  placed  on  moist  blotting  paper  in  a 
large  Petri  dish,  and  put  away  in  an  ice  box  where  the  temperature  varied 
between  about  50  and  about  io°  C.  By  January  15  (two  and  one-half 
months)  they  had  begun  to  germinate  in  the  ice  box.  Ungerminated 
seeds  from  this  lot  in  the  ice  box  were  then  put  to  germinate  at  200  and  at 
250.  At  each  of  these  temperatures  over  50  per  cent  of  the  seeds  ger- 
minated in  the  next  few  days.  The  rest  were  used  for  catalase  or  respira- 
tion studies,  so  that  complete  germination  tests  were  not  obtained. 

2.  On  January  29,  1919,  seeds  of  a  mixture  of  varieties  which  had  been 
removed  from  a  cider  press  mash  two  months  earlier  and  kept  in  dry 
storage  during  the  intervening  period  were  washed,  sterilized  with  silver 
nitrate,  and  put  to  germinate  at  200  and  300  C.  Seeds  from  the  same  lot 
were  washed,  sterilized,  and  put  away  in  the  ice  box  to  after-ripen. 

In  the  ice  box  those  seeds  which  did  not.  decay  on  account  of  injury  in 
the  press  after-ripened  completely  in  three  or  four  months,  and  many  ger- 
minated during  this  time,  while  still  in  the  ice  box.  At  the  higher  tempera- 
tures, however,  about  90  per  cent  of  those  seeds  which  did  not  decay  were 
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still  dormant  after  six  months,  during  which  time  they  had  received  the  fol- 
lowing treatments:  (i)  The  outer  seed  coats  were  removed  from  all  the 
seeds  s  at  the  end  of  50  days;  (2)  for  the  next  68  days  those  previously  at 
300  C.  were  given  a  daily  alternation  between  200  and  300,  while  those 
previously  at  200  remained  at  200;  (3)  both  lots  were  then  used  in  a 
respiration  experiment  which  lasted  two  months,  and  in  which  the  tem- 
perature was  frequently  changed,  using  temperature  intervals  of  190  to 
300,  300  to  190,  190  to  io°,  io°  to  o°,  o°  to  13°,  130  to  300.  Besides  these 
temperature  changes  the  seeds  were  washed  in  cold  water  between  each 
two  periods  of  the  respiration  experiment,  or  20  times  in  all.  None  of 
these  treatments  had  induced  after-ripening  or  germination  as  had  incu- 
bation in  the  ice  box. 

3.  Seeds  of  the  same  original  lot  as  the  foregoing,  which  were  incubated 
for  50  days  at  200  C.  in  intact  condition,  and  then  68  days  in  the  ice  box 
with  the  outer  seed  coats  removed,  after-ripened  completely  during  this 
time  in  the  ice  box,  so  that  all  germinated  in  4  days  at  19°.  As  shown 
in  the  preceding  paragraph,  seeds  which  were  given  identical  treatment 
except  that  they  were  at  200  while  these  were  in  the  ice  box  remained 
dormant. 

Seeds  of  the  same  original  lot  kept  in  dry  storage  for  one  year  and  then 
put  to  germinate  at  160  C,  200,  and  230  in  intact  condition,  with  outer 
coats  removed  and  with  both  coats  removed,  failed  to  germinate."  With 
both  seed  coats  removed,  all  embryos  decayed  within  a  week  without 
showing  any  of  the  signs  of  life  which  were  exhibited  by  living  embryos 
that  were  not  after-ripened.3 

In  the  preceding  paragraphs,  apple  seeds  have  been  shown  to  after- 
ripen  when  kept  moist  in  the  ice  box  after  three  conditions  of  previous 
treatment : 

(1)  Seeds  incubated  in  the  ice  box  soon  after  removal  from  the  fruit 
and  without  previously  being  allowed  to  dry  out.  (2)  Seeds  stored  dry 
for  two  months  before  the  ice-box  incubation.  (3)  Seeds  stored  dry  two 
months  and  then  incubated  two  months  at  200  C.  previous  to  ice-box 
incubation.  In  each  case  concurrent  germination  tests  showed  that  the 
seeds  had  not  after-ripened  under  any  other  circumstances  than  storage 
in  moist  condition  in  the  ice  box.  Dry  storage  previous  to  the  germina- 
tion test,  removal  of  the  outer  seed  coats,  and  alteration  of  temperatures 
during  the  germination  test  all  failed  to  induce  germination.  Further- 
more, attempts  to  force  germination  by  etherizing  the  seeds  were  not 
successful. 

We  have  found  that  seeds  of  another  species  of  Pyrus,  which  were 
received  from  the  Federal  Horticultural  Board  of  the  United  States 
Department  of  Agriculture,  incapable  of  germinating  when  received  by 
us,  after- ripen  in  the  ice  box  very  much  the  same  as  the  seeds  of  our 
cultivated  apples. 

AFTER-RIPENING  IN  THE  FRUIT  DURING  COLD  vSTORAGE 

In  the  cases  discussed  hitherto,  the  seeds  were  removed  from  the  fruits 
and  after-ripened  in  the  ice  box  under  good  conditions  of  moisture  supply 
and  aeration,  the  Petri  dish  covers  being  frequently  removed  to  facilitate 
gaseous  exchanges.  But  this  was  also  true  of  those  seeds  which  were 
incubated  at  higher  temperatures,  at  which  they  failed  to  after-ripen. 

3  For  description  of  the  seed  coats  and  the  effect  of  their  removal  see  p.  157. 
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The  effect  of  the  low  temperature  upon  after-ripening,  as  previously- 
reported  by  Eckerson  (8)  and  now  verified  by  us  and  as  reported  by 
Appleman  (j),  Crocker  (5),  Davis  and  Rose  (7),  and  Davis,4  and  Jones 
(13),  for  other  kinds  of  seeds,  suggested  that  apple  seeds  might  after- 
ripen  also  in  cold  storage  within  the  intact  fruit.  Ascherson  (2),  in  fact, 
found  a  germinated  apple  seed  in  an  undecayed  fruit  near  the  end  of 
June.  It  seems  certain  that,  in  order  to  have  remained  sound  so  late  in 
the  year,  this  apple  must  have  been  kept  where  it  was  very  cool  most  of 
the  time.  At  any  rate,  the  seed  had  become  capable  of  germinating  while 
within  the  fruit. 

Through  the  kindness  of  Dr.  Brooks  and  Dr.  Cooley  of  the  Office  of 
Fruit  Pathology  of  this  Department,  material  was  secured  for  a  study  of 
the  germination  of  seeds  from  cold-stored  apples  of  several  varieties. 
Table  I  summarizes  the  results. 

A  very  small  percentage  of  the  seeds  of  varieties  stored  at  o°  C.  until 
February  5,  19 19,  and  a  somewhat  higher  percentage  (not  more  than 
3  per  cent)  of  Newtown  Pippin  seeds  stored  at  o°  until  May  7,  19 19,  had 
begun  to  germinate  intracarpially  by  the  time  they  were  taken  out  of  the 
fruit  a  few  days  after  taking  the  apples  out  of  cold  storage.  When  put 
to  germinate  at  250,  a  few  days  after  removal  from  the  fruits,  about 
one-fifth  to  one-half  of  the  seeds  germinated  promptly  and  vigorously. 
In  every  case,  however,  there  was  very  little  germination  at  250  after  the 
very  incomplete  germination  of  the  first  few  days.  In  the  ice  box,  on 
the  contrary,  germination  started  rather  slowly  but  progressed  gradually 
until  practically  complete  in  about  three  weeks.  The  temperature  of  the 
ice  box  occasionally  rose  considerably  above  io°  for  a  short  time  but  was 
usually  between  50  and  io°.  At  200  germination  was  nearly  complete 
in  two  weeks. 

Table  I. — Germination  of  apple  seeds  after-ripened  in  cold  storage  and  ice  box  1 


Variety. 


Newtown 
Pippin. 


York  Im- 
perial . 

Grimes 
Golden. 

Jonathan.. 


Previous  storage,  successive  periods. 


o°  C,  in  the  fruit. 


Oct.  29  to  May  7, 

190  days. 
Oct.  29  to  May  7, 

190  days. 
Nov.  28  to  May  7, 

160  days. 
Oct.  1  to  Feb.  5, 

127  days. 

To  Feb.  10 

jOct.  1  to  Feb.  5, 
\     127  days.3 


Room 
tem- 
pera- 
ture. 


Days. 


IO 


IO 


Ice 
box.2 


Days. 
6 


Germination. 


Ice  box. 


Days. 


12 

25 
12 

25 
12 

25 

7 
24 

7 
24 

7 
24 


Per 
cent. 


72 
IOO 

72 
IOO 

62 

94 
23 
94 
32 
100 

7 
93 


2C°C. 


Days. 


13 


13 


Per 
cent. 


94 
98 


25°  C. 


Days. 


II 

II 

II 

7 
24 

7 
24 

7 
24 


Per 
cent. 


56 
36 
3° 

22 
22 

45 
5° 
25 
25 


!  Some  seeds  had  already  germinated  in  the  ice  box  before  the  beginning  of  the  germination  tests.  Only 
those  not  yet  germinated  were  included  in  the  tests. 

'  Most  of  the  time  at  room  temperature  the  seeds  were  within  the  fruits;  sometimes  dry-stored  a  few  days 
"Her  taking  out.     In  the  ice  box  the  seeds,  freed  from  the  fruits,  were  incubated  as  for  germination. 
During  the  last  two  or  three  weeks  of  this  time  the  Jonathan  apples  were  kept  at  5°  C. 

*  Davis,  W.  E.  primary,  secondary,  and  tertiary  dormancy  in  the  embryos  of  ambrosia  trifida. 
Paper  read  at  meeting  of  Amer.  Assoc.  Adv.  Sci.,  St.  Louis,  Jan.,  1920.  Abstract  furnished  by  courtesy  of 
the  author.     (Not  published.) 
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The  germination  of  Newtown  Pippin  seeds  at  25  °  C.  decreased  with 
increase  in  the  length  of  time  the  seeds  were  kept  at  room  temperature 
after  cold  storage  in  the  fruit.  Also  York  Imperial  and  Jonathan  seeds 
which  had  been  at  room  temperature  for  10  days  germinated  only  half 
as  well  at  25 °  as  Grimes  Golden  seeds  which  had  been  at  room  tem- 
perature only  5  days.  During  the  period  at  room  temperature  the 
seeds  were  either  still  inclosed  in  the  fruit,  or,  if  removed  for  a  part  of  the 
time,  were  not  allowed  to  become  entirely  air-dry.  While  the  data  at 
hand  are  not  conclusive,  the  behavior  of  these  seeds  suggests  that  they 
were  acquiring  the  condition  of  secondary  dormancy  which  has  been 
induced  in  a  number  of  kinds  of  seeds  by  keeping  the  fully  germinable 
seeds  under  conditions  unfavorable  for  germination.  Atwood  (3), 
Crocker  (5),  Crocker  and  Harrington  (6),  and  Zade  (23,  24)  have  called 
attention  to  the  assumption  of  secondary  dormancy  by  various  seeds  in 
which  the  embryo  is  always  capable  of  germination  and  dormancy  is 
imposed  by  coat  structures.  Davis  r>  and  Jones  (13)  also  have  demon- 
strated the  occurrence  of  this  phenomenon  in  seeds  in  which,  as  in  the 
apple  seed,  the  dormant  embryo  itself  is  incapable  of  germination,  and 
in  which  coats  play  only  a  secondary  role  in  dormancy. 

In  January,  1920,  seeds  from  Snow  apples,  which  had  been  kept  in  a 
cold  cellar  in  Vermont  until  early  in  January  and  were  then  sent  by 
express  to  Washington,  D.  C,  were  put  to  germinate  at  160,  200,  230, 
and  2 70  C,  and  in  an  ice  box  where  the  temperature  was  about  40  to  50 
for  a  few  days  and  then  increased  gradually  to  about  io°  at  the  end  of 
the  second  week  and  120  at  the  end  of  the  third  week.  Table  II  shows 
their  germination. 

In  the  ice  box  all  of  the  seeds  germinated  in  three  weeks,  although  there 
was  no  germination  in  the  first  10  days  when  the  ice  box  was  very  cool. 
The  percentage  of  germination  decreased  regularly  with  increase  in  ger- 
mination temperature.  No  seeds  germinated  after  the  first  7  days  at 
temperatures  above  200  C.  and  only  a  small  percentage  even  at  160  C. 

Table  II. — Germination  of  Snow  apple  seeds  after-ripened  in  the  fruit  in  a  Vermont 
cellar.     Germination  test  begun  Jan.  14,  1920 


Temperature. 


Percentage  of  germinated  seeds  removed  in- 


7  days. 


Ice  box1 
i6°C.  . 

20°C.  . 

27°C.  . 


52 
48 

46 

12 


10  days. 


O 
12 
2 
O 
o 


13  days. 

14  days. 

16  days. 

19  days. 

21  days. 

Total. 

42 

36 

12 

6 

4 

IOO 

8 

O 

O 

O 

2 

74 

4 

2 

O 

O 

O 

56 

0 

O 

O 

O 

O 

46 

0 

O 

O 

O 

O 

12 

1  Temperature  4°  to  5°  C  for  about  a  week,  then  gradually  rising  to  about  io°  at  the  end  of  the  second 
week  and  120  at  the  end  of  the  third  week. 

RELATION  OF  OXYGEN  SUPPLY  TO  AFTER-RIPENING 

The  fact  that  apple  seeds  after-ripen  and  sometimes  even  begin  to 
germinate  within  the  apples  while  these  are  still  sound  raises  the  question 
of  the  relation  of  oxygen  to  the  processes  of  after-ripening.  Atwood  (3) 
has  shown  that  the  access  of  free  oxygen  in  abundant  supply  is  necessary 


6  Davis,  W.  E.,  op.  cit. 
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for  the  after-ripening  of  wild  oats,  while  Kondo  (18)  has  shown  that  abun- 
dant oxygen  accelerates  the  after- ripening  of  rice,  which,  when  fully 
after-ripened,  will,  according  to  Takahashi  (22),  germinate  in  entire 
absence  of  oxygen.  Oxygen  has  also  been  shown  by  Kiessling  (16)  to 
accelerate  after-ripening  in  cereals  under  certain  conditions,  and  Hoffman 
(12)  has  put  forth  the  hypothesis  that  after-ripening  of  the  cereals  con- 
sists essentially  of  a  storage  of  oxygen.  Hiltner  (11)  and  Kiessling  (17) 
have  also  shown,  however,  that  cereals  after-ripen,  though  sometimes 
rather  slowly,  in  closed  vessels  in  almost  entire  absence  of  oxygen.  If 
free  oxygen  is  essential  for  after-ripening  in  this  case,  the  seeds  must  be 
capable  of  using  it  when  present  in  very  low  partial  pressures,  and  very 
small  quantities  must  suffice.  Recent  and  earlier  work  by  one  of  us 
(9,  10),  as  well  as  Atwood's  work  on  wild  oats,  indicated  that  the  embryos 
of  the  cereals  and  some  other  grasses  are  never  essentially  dormant, 
the  dormancy  of  the  caryopses  being  imposed  by  coat  structures  which, 
in  the  wild  oat  at  least,  limit  oxygen  supply.  Crocker  (4)  found  a 
similar  condition  in  Xanthium  seeds. 

The  case  is  different  with  apple  seeds,  in  which  the  embryos  are  dormant 
and  require  time-consuming  changes  before  they  can  germinate,  even  if 
freed  from  all  surrounding  structures.  But  with  apple  seeds  we  have 
found  very  low  respiratory  quotients  at  low  temperatures  which  favor 
their  after-ripening.  There  is,  therefore,  in  apple  seeds  a  storage  of 
oxygen  during  after-ripening.  Jones  (13)  has  shown  that  the  after- 
ripening  of  the  similarly  dormant  embryos  of  sugar  maple  seeds  is 
retarded,  though  not  prevented,  by  inclosing  them  in  desiccators,  so  that 
oxygen  is  rapidly  replaced  by  respired  carbon  dioxid.  Recent  measure- 
ments by  Magness  (ig)  show  that  the  concentration  of  oxygen  within 
the  core  of  the  apple  is  not  much  below  that  of  the  surrounding  atmos- 
phere. The  oxygen  supply  available  to  the  seeds  while  inclosed  within 
the  fruit  cannot,  therefore,  be  considered  physiologically  deficient  for 
their  after-ripening  processes,  even  if  these  depend  upon  a  much  greater 
abundance  of  oxygen  than  seems  to  be  necessary  for  the  after-ripening 
of  sugar  maple  seeds. 

EFFECT  OF  REMOVAL  OF  THE  SEED  COATS 

The  coverings  of  the  embryos  in  a  mature  apple  seed  consists  of: 
(1)  A  thick,  brown,  fibrous  outer  seed  coat  with  open  hilum;  (2)  a  thin, 
translucent  inner  seed  coat  of  very  dense  structure  and  without  openings ; 
and  (3)  a  delicate,  whiteish,  cellular  tissue,  somewhat  thicker  than  the 
inner  coat,  and  apparently  endospermous.  Layer  3  is  closely  adherent 
to  layer  2,  and  it  is  impossible  to  remove  the  two  separately,  though  the 
embryo  is  easily  bared  by  removing  them  together. 

Removal  of  the  outer  seed  coat  has  no  effect  on  the  germination  of 
apple  seed  previously  dry-stored  or  incubated  for  a  short  time  at  tem- 
peratures unfavorable  for  after-ripening.  When  the  inner  seed  coats  and 
adhering  endosperm  tissue  are  removed  from  such  seeds,  baring  the 
embryos,  many  of  the  cotyledons  enlarge  slowly  and,  if  in  the  light, 
become  green.  After  a  week  or  two  some  of  the  radicles  show  geotropic 
bending  and  slow  elongation,  but  normal  growth  does  not  occur. 

When  one  or  both  of  the  seed  coats  are  removed  from  after-ripened 
seeds  germination  is  accelerated  even  under  conditions  under  which  the 
seeds  would  germinate  in  a  few  days  if  the  coats  were  left  intact.  An 
example  of  this  is  furnished  by  Newtown  Pippin  seeds  which  were  put 
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to  germinate  at  190  C.  after  cold  storage  in  the  fruit  until  May  7,  1919, 
followed  by  removal  from  the  fruit  and  incubation  in  the  ice  box  for 
about  a  week.  With  the  outer  coats  removed  67  per  cent  germinated 
in  3  days  and  100  per  cent  in  6  days;  with  the  outer  coats  left  on  26  per 
cent  germinated  in  3  days  and  about  50  per  cent  in  6  days. 

The  effect  of  the  removal  of  the  seed  coats  from  seeds  which  have 
previously  been  incubated  for  a  considerable  time  at  temperatures  un- 
favorable for  after-ripening,  and  which  are  still  incapable  of  germinat- 
ing in  intact  condition  is  of  special  interst,  Seeds  of  the  cider  press 
lot,  which  had  remained  dormant  under  germination  conditions  for  6 
months — 4  months  with  outer  coats  removed — all  germinated  in  3  days 
after  removal  of  the  inner  seed  coats. 

With  intact  York  Imperial  and  Newton  Pippin  seeds,  which  had  been 
dormant  under  germination  conditions  for  more  than  5  months  and  more 
than  2  months,  respectively,  the  respiratory  intensity  was  increased 
more  than  four-fold  in  24  hours  by  removal  of  the  outer  seed  coats.  The 
inner  seed  coats  were  then  removed  and  all  of  the  seeds  germinated  in 
the  next  2  days.  It  is  evident  that  these  embryos  were  in  a  very  differ- 
ent condition  when  freed  from  the  coats  than  were  the  embryos  of 
the  cider  press  lot  which  were  freed  from  the  coats  soon  after  putting  to 
germinate  6  months  earlier,  and  which  then  failed  to  germinate.  Yet 
as  far  as  ability  to  germinate  with  the  coats  on  is  concerned  they  showed 
no  difference.  There  is  here  a  joint  action  of  the  coats  and  of  the  con- 
dition of  the  embryo  in  imposing  dormancy,  whereas  in  the  dry-stored 
seeds  the  same  result  is  produced  without  the  coats.  It  seems,  therefore, 
that  some  part  of  the  complex  of  processes  which  constitute  after-ripen- 
ing must  go  on  both  at  the  higher  temperatures  and  at  the  after-ripen- 
ing temperatures.  Apparently  other  processes,  perhaps  consisting  es- 
sentially in  the  removal  of  inhibitors  to  germination  (which  can  also 
be  dissipated  or  oxidized  upon  removal  of  the  coats)  take  place  only  at 
the  lower  temperatures. 

In  this  connection  Kidd's  work  (14)  on  C02  and  Maze's  (20,  21)  on 
acetic  aldehyde  as  inhibitors  to  germination  are  of  interest.  Experi- 
ments show  that  there  is  a  free  interchange  of  oxygen  and  CO,  responding 
in  characteristic  ways  to  differences  in  temperature,  in  the  respiration 
of  dormant  apple  seeds.  This  makes  it  seem  unlikely  that  inhibiting 
concentrations  of  C02  accumulate  within  their  coats.  That  some  other 
inhibiting  substance  is  produced  at  higher  temperatures  and  is  held  in 
in  by  the  coats,  or  else,  being  initially  present,  is  removed  at  lower  tem- 
peratures, seems  more  plausible;  but  no  work  was  done  to  test  the  valid- 
ity of  such  an  assumption. 

An  alternative  hypothesis  is  Kidd  and  West's  conception  (15)  of  a 
mechanical  stimulus  according  to  which  dormant  white  mustard  embryos 
are  considered  as  in  a  state  of  very  delicate  equilibrium  from  which  they 
are  aroused  to  activity  by  the  mechanical  shock  resulting  from  removal 
of  the  coats,  without  reference  to  any  causal  chemical  change. 

The  inner  seed  coats  are  very  effective  in  preventing  decay  of  the  em- 
bryos during  the  after-ripening,  whereas  the  thick  hard  outer  seed  coats 
with  their  open  hila  are  of  little  value  in  this  respect.  This  was  shown  by 
seeds  of  the  cider  press  lot,  many  of  which  had  been  so  injured  that  it 
was  impossible  to  prevent  severe  decay  in  the  incubator  even  after  care- 
fully discarding  all  seeds  showing  visible  injury  and  surface  sterilization 
of  the  remaining  seeds.     After   50  days'   incubation  at   200,  250,  and 
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300  C,  about  50  per  cent  of  these  seeds  were  wholly  decayed,  and  the 
rest  were  entirely  obscured  by  a  dense  mass  of  all  sorts  of  micro-organ- 
isms. Observations  a  few  days  after  first  putting  these  seeds  into  the 
incubators  indicated  that  in  general  only  those  seeds  decayed  in  which 
the  inner  coat  was  injured.  At  the  end  of  50  days  the  outer  coats  of 
all  the  seeds  were  so  softened  and  decayed  that  they  were  easily  rubbed 
off  between  the  thumb  and  fingers  in  water.  After  thorough  washing, 
these  seeds,  with  the  outer  coats  removed  but  the  inner  coats  intact, 
were  returned  to  the  incubators  where  almost  all  of  them  remained 
in  good  condition  during  the  following  4  months,  although  during  a 
part  of  that  time  they  were  on  moist  blotters  throughly  infected  with 
organisms  of  decay. 

SUMMARY 

(1)  Apple  seeds,  when  taken  from  the  apples  at  their  maturity,  are 
incapable  of  germination.  Etherization  or  the  use  of  alternating  tem- 
peratures does  not  bring  about  germination. 

(2)  The  dormancy  is  resident  in  the  embryo.  Naked  embryos  fail  to 
germinate  normally. 

(3)  Apple  seeds  acquire  the  power  to  germinate — that  is,  they  after- 
ripen,  in  a  few  months  when  kept  moist  at  a  temperature  between  50  and 
io°  C.  They  also  after-ripen  within  the  fruit  in  commercial  cold  storage 
(o°  C)  or  in  a  cold  cellar.  They  do  not  after-ripen  in  dry  storage  or 
when  kept  moist  at  200  C.  or  at  a  higher  temperature. 

(4)  The  relation  of  oxygen  to  after-ripening  was  not  determined,  but 
apparently  a  good  supply  of  oxygen  is  always  present  within  the  core  of 
the  apples  when  they  are  kept  at  low  temperatures. 

(5)  After-ripened  seeds  will  germinate  completely  in  a  few  weeks  in  an 
ice  box  if  the  temperature  is  not  too  low.  They  germinate  fairly  well  at 
200  C,  but  not  as  well  at  250.  The  optimum  temperature  for  their  ger- 
mination seems  to  lie  somewhere  between  io°  and  200  and  to  vary  accord- 
ing to  the  condition  of  the  seed  or  possibly  according  to  the  variety  of 
apple. 

(6)  There  seems  to  be  a  tendency  for  the  after-ripened  seeds  to  go  into 
a  state  of  secondary  dormancy  when  kept  under  conditions  which  pre- 
vent their  germination. 

(7)  The  commercial  practice  of  layering  apple  seeds  out  of  doors  over 
winter  is  not  necessary  in  order  to  bring  about  their  complete  after- 
ripening  and  germination. 

(8)  Removal  of  the  outer  seed  coat  has  no  apparent  effect  on  com- 
pletely dormant  apple  seeds.  Removal  of  both  seed  coats  causes  some 
of  the  dormant  embryos  to  make  feeble  growth,  but  these  do  not  produce 
normal  seedlings. 

(9)  Removal  of  the  outer  coat  or  of  both  coats  accelerates  the  germi- 
nation of  after-ripened  seeds. 

(10)  Removal  of  the  coats  from  seeds  which  have  been  incubated  for  a 
long  time  under  germination  conditions,  but  at  a  temperature  too  high 
for  complete  after-ripening,  may  induce  prompt  and  vigorous  germina- 
nation.  Some  phases  of  after-ripening  must  therefore  take  place  at 
these  higher  temperatures,  while  others  are  dependent  upon  a  lower 
temperature,  or  upon  the  removal  of  the  coats. 

(11)  The  inner  seed  coat  is  very  efficient  in  preventing  decay  of  the 
seeds,  but  the  outer  seed  coat,  with  its  open  hilum,  is  of  little  use  in  this 
respect. 
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MISCELLANEOUS  TESTS  OF  CARBON  TETRACHLORID 

AS  AN  ANTHELMINTIC  l 

By  Maurice  C.  Hall,  Senior  Zoologist,  Zoological  Division,  Bureau  of  Animal  Industry, 
and  Jacob  E.  Shillinger,  Veterinary  Inspector,  Insecticide  and  Fungicide  Board, 
United  States  Department  of  Agriculture 

On  the  basis  of  what  is  known  about  it  at  present,  carbon  telrachlorid 
(CC14)  promises  to  be  an  uncommonly  valuable  addition  to  the  list  of 
anthelmintics,  having  a  high  efficacy  against  worms  of  several  sorts, 
an  unusually  deadly  effect  on  bloodsucking  worms,  and  a  large  margin 
of  safety,  so  far  as  it  has  been  tested,  for  most  of  the  eight  species  of 
host  animals  used.  It  apparently  offers  a  solution  for  several  problems 
in  removing  worms  which  no  anthelmintic  has  been  heretofore  known 
to  solve  satisfactorily.  For  these  reasons  it  is  a  drug  which  deserves  to 
be  brought  to  the  attention  of  veterinarians  and  of  medical  men  in 
general. 

HISTORICAL 

More  than  half  a  century  ago  carbon  tetrachlorid  was  used  to  a  slight 
extent  as  an  anesthetic  and  analgesic.  The  literature  on  this  subject 
has  been  briefly  summarized  by  Hall  (ij)  2  in  a  recent  paper.  For  half 
a  century  this  drug  has  been  disregarded  in  medicine,  though  it  has 
received  more  or  less  attention  in  other  fields  and  is  much  used  as  a 
fire  extinguisher,  cleaner,  insecticide,  and  solvent  for  fats,  gums,  etc. 
During  192 1  Hall  recommended  it  as  an  anthelmintic.  In  a  paper  by 
Hall  (13)  it  was  reported  as  100  per  cent  effective  in  removing  hook- 
worms from  dogs  when  properly  administered  in  suitable  doses.  In 
another  paper  by  Hall  (75),  experiments  were  reported  on  carbon  tetra- 
chlorid as  a  drug  for  the  removal  of  bots  and  worms  from  horses,  the 
drug  being  as  effective  as  oil  of  chenopodium  in  removing  Strongylus 
but  somewhat  less  effective  than  carbon  bisulphid  (CS2)  in  removing 
bots.  In  a  third  paper  by  Hall  (16),  carbon  tetrachlorid  was  brought 
to  the  attention  of  the  medical  profession  as  being  worthy  of  trial 
against  human  hookworms.  In  the  same  paper  some  toxicity  tests  of 
this  drug  on  monkeys  are  reported,  the  tests  indicating  that  these 
animals  will  tolerate  rather  large  doses  without  bad  effects;  and  one 
test  is  reported  in  which  the  writer  took  a  dose  of  3  cc.  of  carbon  tetra- 
chlorid without  ill  effects  of  any  sort.  In  this  paper  we  have  summa- 
rized the  published  findings  and  added  the  results  of  our  experiments. 

TESTS  ON  TURKEYS 

In  the  following  experiments  with  carbon  tetrachlorid  on  turkeys, 
four  mature  birds  were  used.  The  drug  was  given  by  means  of  a  cath- 
eter passed  down  the  esophagus.  It  is  very  easy  to  administer  drugs 
to  poultry  in  this  way. 

Turkey  No.  15. — Weight  6.33  kilos;  dose  rate  1  cc.  per  kilo;  no 
worms  passed  in  4  days;  feces  scant  but  no  ill  effects  noted. 

1  Accepted  for  publication  Nov.  3,  1922.     Read  in  abstract  at  the  tenth  meeting  of  the  Illinois  State 
Veterinary  Medical  Association  at  Chicago,  Dec.  2,  1921. 
!  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  191-192. 

Journal  of  Agricultural  Research,  •      Vol.  XXIII,  No.  3 

Washington,  D.  C  Jan.  20,  1923 

ack  Key  No.  A-63 

(163) 


164  Journal  of  Agricultural  Research  vol.  xxm,  no.  3 

Turkey  No.  16. — Weight  5.68  kilos;  dose  rate  0.5  ce.  per  kilo;  no 
worms  passed  in  4  days  and  no  ill  effects  noted. 

Turkey  No.  17. — Weight  6.5  kilos;  dose  rate  0.5  ec.  per  kilo;  no 
worms  passed  in  4  days  and  no  ill  effects  noted. 

Turkey  No.  18. — Weight  5.5  kilos;  dose  rate  1  cc.  per  kilo;  no 
worms  passed  in  4  days  and  no  ill  effects  noted. 

The  turkeys  used  were  several  years  old  and,  as  is  often  true  of 
mature  animals,  were  very  lightly  infested  with  parasites  of  the  diges- 
tive tract.  The  only  bird  to  show  worm  eggs  in  the  feces  at  the  begin- 
ning of  the  experiment  was  No.  15,  which  showed  a  few  Capillaria 
present.  The  findings  from  these  tests  show  nothing  as  to  the  anthel- 
mintic efficacy  of  carbon  tetrachlorid  since  no  post-mortem  examinations 
were  made,  but  they  show  that  turkeys  will  tolerate  doses  of  carbon 
tetrachlorid  at  the  rate  of  0.5  to  1  cc.  per  kilo  of  weight.  From  the 
following  experiments  on  chickens  it  appears  that  turkeys  will  probably 
tolerate  very  large  doses  of  carbon  tetrachlorid. 

TESTS  ON  CHICKENS 

Carbon  tetrachlorid  was  administered  to  13  chickens  by  means  of  a 
catheter  passed  down  the  esophagus,  the  tests  being  made  to  determine 
anthelmintic  efficacy  and  toxicity.     The  experiments  were  as  follows : 

Bird  No.  1. — Weight  1.505  kilos;  dose  rate  1  cc.  per  kilo;  no  worms 
passed  in  3  days;  post  mortem,  1  spirurid  in  gizzard  and  numerous 
Hymenolepis  in  small  intestine. 

Bird  No.  2. — Weight  1.45  kilos;  dose  rate  1  cc.  per  kilo;  no  worms 
passed  in  3  days;  post  mortem,  5  Heterakis  papulosa  and  1  Capillaria 
in  ceca. 

Bird  No.  3. — Weight  1.29  kilos;  dose  rate  1  cc.  per  kilo;  passed  34 
Heterakis  papulosa  in  3  days;  post  mortem,  72  Tetrameres  in  proven- 
triculus,  6  spirurids  in  gizzard,  and  6  H.  papulosa  in  ceca. 

Bird  No.  4. — Weight  1.175  kilos;  dose  rate  1  cc.  per  kilo;  no  worms 
passed  in  3  days;  post  mortem,  13  Ascaridia  perspicilhim  and  numerous 
tapeworms  in  small  intestine. 

Bird  No.  5. — Weight  1.285  kilos;  dose  rate  2  cc.  per  kilo;  passed  1 
Ascaridia  perspicUlum  in  4  days;  post  mortem,  few  Gongylonema  ingluvi- 
cola  in  crop,  few  Capillaria  and  Hymenolepis  in  small  intestine,  and  5 
Heterakis  papulosa  in  cecum  and  large  intestine. 

Bird  No.  6.— Weight  1.07  kilos;  dose  rate  2  cc.  per  kilo;  no  worms 
passed  in  4  days;  post  mortem,  some  Davainea  proglottina  in  small 
intestine. 

Bird  No.  7. — Weight  1.25  kilos;  dose  rate  2  cc.  per  kilo;  no  worms 
passed  in  4  days;  post  mortem,  1  spirurid  in  gizzard,  15  Heterakis 
papulosa  and  1  Capillaria  in  cecum. 

Bird  No.  8. — Weight  1.385  per  kilos;  dose  rate  2  cc.  per  kilo;  no  worms 
passed  in  4  days ;  post  mortem,  few  Tetrameres  in  proventriculus  and 
few  tapeworms  in  small  intestine. 

Bird  No.  9. — Weight  1.255  kilos;  dose  rate  2  cc.  per  kilo;  no  worms 
passed  in  4  days;  second  dose  at  rate  of  5  cc.  per  kilo,  passed  2  Ascaridia 
perspicUlum  in  4  days;  third  dose  at  rate  of  6  cc.  per  kilo,  no  worms 
passed  in  3  days;  fourth  dose  (7  days  after  third  dose)  at  rate  of  12  cc. 
per  kilo,  no  worms  passed  in  3  days;  post  mortem  (12  days  after  fourth 
dose),  25  tapeworms  in  small  intestine. 
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Bird  No.  10. — Weight  1.5 1  kilos,  dose  rate  2  cc.  per  kilo,  no  worms 
passed  in  4  days;  second  dose  at  rate  of  5  cc.  per  kilo,  no  worms  passed 
in  4  days;  third  dose  at  rate  of  7  cc.  per  kilo,  no  worms  passed  in  3  days; 
fourth  dose  (7  days  after  third  dose)  at  rate  of  15  cc.  per  kilo,  no  worms 
passed  in  3  days;  post  mortem  (12  days  after  fourth  dose),  no  worms 
present. 

Bird  No.  11. — Weight  1.33  kilos;  dose  rate  3  cc.  per  kilo,  passed  1 
Heterakis  papulosa  in  4  days;  second  dose  at  rate  of  6  cc.  per  kilo,  no 
worms  passed  in  4  days;  third  dose  at  rate  of  8  cc.  per'  kilo,  no  worms 
passed  in  3  days;  fourth  dose  (7  days  after  third  dose)  at  rate  of  18  cc. 
per  kilo,  no  worms  passed  in  3  days;  post  mortem  (12  days  after  fourth 
dose),  j  tapeworm  in  small  intestine. 

Bird  No.  12. — Weight  1.265  kilos;  dose  rate  3  cc.  per  kilo,  no  worms 
passed  in  4  days;  second  dose  (8  days  after  first  dose)  at  rate  of  10  cc. 
per  kilo,  no  worms  passed  in  3  days;  third  dose  (7  days  after  second  dose) 
at  rate  of  20  cc.  per  kilo,  no  worms  passed  in  3  days;  post  mortem  (12 
days  after  third  dose),  no  worms  present. 

Bird  No.  13. — Weight  1.29  kilos;  dose  rate  4  cc.  per  kilo;  passed  2 
Ascaridia  perspicUlum  and  5  Heterakis  papulosa  in  4  days;  post  mortem, 
no  worms  present. 

The  most  striking  feature  of  these  experiments  is  the  tolerance  of 
chickens  for  carbon  tetrachlorid.  The  largest  single  dose  administered 
(bird  No.  12)  was  at  the  rate  of  20  cc.  per  kilo  of  weight  of  animal,  which 
is  approximately  67  times  the  therapeutic  dose  rate  for  removing  hook- 
worms from  dogs  and  foxes.  In  a  period  of  15  days  this  bird  was  given 
carbon  tetrachlorid  in  quantities  equivalent  to  a  total  at  the  rate  of  33  cc. 
per  kilo,  or  no  times  the  therapeutic  dose  for  dogs.  Bird  No.  n  was 
given  carbon  tetrachlorid  in  a  period  of  15  days  in  quantities  equivalent 
to  a  total  at  the  rate  of  35  cc.  per  kilo,  or  almost  1 1 7  times  the  therapeutic 
dose  for  dogs;  this  bird  was  given  one  dose  of  carbon  tetrachlorid  at 
the  rate  of  18  cc.  per  kilo,  or  60  times  the  therapeutic  dose  for  dogs. 
None  of  the  birds  showed  signs  of  discomfort  or  injury  as  a  result  of  the 
treatment,  and  on  post-mortem  examination  they  appeared  normal 
except  for  some  evidence  of  inflammation  in  the  small  intestine  of  the 
birds  given  repeated  large  doses  (birds  No.  9,  10,  n,  and  12).  The  sur- 
vival of  these  birds  and  their  good  condition  indicated  that  no  serious 
injury  had  been  caused  by  the  drug. 

As  regards  efficacy,  no  worms  of  the  superfamily  Spiruroidea — those 
present  in  these  birds  being  forms  which  live  in  the  tissues  along  the 
digestive  tract,  including  Chcilospirura  hamulosa  in  the  wall  of  the  gizzard, 
Tetrameres  sp.  in  the  proventriculus,  and  Gongylonema  ingluvicola  in 
the  wall  of  the  crop — were  found  in  the  droppings  after  treatment. 
Apparently,  the  treatment  was  ineffective  in  removing  these  worms. 
However,  it  should  be  noted  that  none  of  these  worms  were  found  post 
mortem  in  the  five  birds  which  received  large  and  repeated  doses,  and 
there  is  a  possibility  that  flooding  the  digestive  tract  with  large  quantities 
of  carbon  tetrachlorid  may  have  resulted  in  the  death  of  the  worms,  with 
the  failure  to  find  them  in  the  droppings  owing  to  the  worms  having  been 
destroyed  by  digestion.  These  worms  are  situated  in  the  anterior 
portion  of  the  digestive  tract  and  it  seems  reasonable  to  suppose  that  they 
would  be  destroyed  and  digested,  at  least  to  an  extent  which  would 
make  the  fragments  unrecognizable  in  the  droppings.  It  would  appear 
quite  unlikely  that  worms  would  pass  through  the  gizzard  without  being 
fragmented. 
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The  drug  apparently  was  entirely  ineffective  in  removing  hairworms 
of  the  genus  Capillaria  in  cases  where  it  was  given  in  single  doses  of  i  or 
2  cc.  per  kilo,  but  the  failure  to  find  these  worms  post  mortem  in  the  five 
birds  given  large  and  repeated  doses  suggests  that  these  doses  may  have 
killed  the  worms  although  the  dead  worms  were  not  found  in  the  feces, 
owing  to  their  small  size  and  the  difficulty  of  finding  them. 

As  regards  the  efficacy  of  the  drug  against  Ascaridia  perspicillum.,  it 
failed  to  remove  any  of  these  worms  from  one  bird  when  given  at  the  rate 
of  i  cc.  per  kilo  but  removed  all  the  worms  present  in  three  cases  when 
given  at  the  rate  of  2,  4,  and  5  cc.  per  kilo. 

As  regards  its  efficacy  against  Heterakis  papulosa,  carbon  tetrachlorid 
in  doses  of  1  or  2  cc.  per  kilo  failed  to  remove  any  of  a  total  of  25  worms 
present  in  three  birds.  In  another  case  the  drug,  at  a  dose  rate  of  1  cc.  per 
kilo,  removed  34  of  40  worms  present,  or  85  per  cent.  In  the  case  of  the 
five  birds  given  large  and  repeated  doses,  no  worms  were  found  post 
mortem,  this  fact  suggesting  that  some  worms  may  have  been  removed  al- 
though not  found  in  the  droppings.  These  findings  suggest  that  the  drug 
may  be  effective  when  it  actually  enters  the  ceca  and  gets  in  contact  with  the 
worms  present.  They  also  suggest  that  the  entrance  of  the  drug  might 
be  insured  by  the  use  of  large  or  of  repeated  doses.  This  would  appear 
to  be  feasible  in  conditions  where  the  presence  of  these  worms  warranted 
it,  inasmuch  as  the  drug  appears  to  be  quite  safe  and  well  tolerated  in 
large  doses. 

The  drug  was  quite  ineffective  against  tapeworms  in  chickens,  as  in 
other  animals. 

An  additional  test  of  the  effect  of  carbon  tetrachlorid  on  chickens 
(Rhode  Island  Reds)  was  conducted  as  follows:  16  chickens,  of  which  8 
were  1  year  old  and  8  were  2  years  old,  weighing  on  an  average  about  5 
pounds  each,  were  each  given  1.5  fluid  drams,  about  5.5  cc,  of  carbon  tetra- 
chlorid by  catheter  to  the  crop,  the  birds  not  being  fasted.  The  dose  rate 
was  about  2.27  cc.  per  kilo.  The  egg  production  for  the  10  days  previous 
to  treatment  averaged  9.6  eggs  a  day;  for  the  day  of  treatment,  May  14, 
it  averaged  8  eggs;  and  for  the  10  days  following  treatment,  it  averaged 
10.8  eggs  a  day.  It  is  evident  from  these  results  that  the  treatment  had 
no  deleterious  effect  on  egg  production.  On  the  other  hand,  it  could 
not  be  assumed  from  one  test  on  16  chickens  that  the  increase  in  egg 
production,  amounting  to  1.2  eggs  a  day,  was  correlated  with  the  admin- 
istration of  carbon  tetrachlorid. 

Hall  and  Shillinger3  report  some  experiments  with  drugs  injected 
by  rectum  into  chickens  for  the  removal  of  the  cecum  worm,  Heterakis 
papulosa,  the  drugs  used  including  carbon  tetrachlorid.  Six  chickens, 
weighing  about  1 .5  pounds  each,  were  injected  with  this  drug.  The  quan- 
tities given  and  the  results  obtained  in  removing  H.  papulosa  are  as 
follows : 

No.  14;  10  cc;  passed  79  worms;  post  mortem,  no  worms ;  efficacy,  100 
per  cent. 

No.  15;  10  cc;  passed  2  worms;  post  mortem,  no  worms;  efficacy,  100 
per  cent. 

No.  16;  5  cc;  passed  1  worm;  post  mortem,  no  worms;  efficacy,  100 
per  cent. 

3  Hall,  Maurice  C,  and  Shillinger,  Jacob  E.    the  removal  of  heterakids  from   the  ceca  of 
chickens  by  rectal  injections  OF  anthelmintics.     In  Jour.  Amer.  Vet.  Med.  Assoc.     (In  press.) 
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No.  17;  5  cc;  passed  no  worms;  postmortem,  10  worms;  efficacy,  o 
per  cent. 

No.  18;  3  cc. ;  passed  24  worms;  post  mortem,  70  worms;  efficacy,  35.5 
per  cent. 

No.  19;  2  cc. ;  passed  41  worms;  post  mortem,  no  worms;  efficacy,  100 
per  cent. 

Total  worms  passed,  147;  total  remaining  post  mortem,  80;  efficacy,  65 
per  cent. 

All  the  worms  were  removed  from  4,  or  66.6  per  cent,  of  the  6  birds 
listed  above.  While  the  smallest  dose,  2  cc,  was  as  effective  as  the 
largest  dose,  the  removal  of  all  the  worms  present  seems  more  certain 
where  the  larger  doses  are  used.  The  most  satisfactory  treatment  for  the 
removal  of  these  worms  was  found  to  be  the  rectal  injection  of  o.  1  cc.  of 
oil  of  chenopodium  in  5  cc.  of  a  bland  oil  (cottonseed  oil) .  The  dose  for 
birds  weighing  3  pounds  or  more  would  be  double  this,  or  0.2  cc.  in  10  cc. 
of  bland  oil.  The  injections  were  made  with  an  infant's-size  rectal 
syringe  of  hard  rubber,  the  tip  of  the  syringe  being  passed  along  the  floor 
of  the  cloaca  and  the  fluid  injected  slowly. 

TESTS  ON  RABBITS 

The  following  tests  of  the  toxicity  of  carbon  tetrachlorid  administered 
by  stomach  tube  to  rabbits  were  conducted: 

Rabbit  No.  7213. — Weight  2.055  kilos;  dose  5  cc.  per  kilo;  animal  off 
feed  for  a  few  days,  but  no  other  ill  effects  noted;  discharged  from  experi- 
ment eight  weeks  later. 

Rabbit  No.  7214. — Weight  1.755  kilos;  dose  10  cc.  per  kilo;  animal 
stupid  the  following  day,  dull  and  weak  the  second  day,  found  dead  the 
morning  of  the  third  day;  post  mortem,  stomach  inflamed  and  slightly 
hemorrhagic  in  cardia,  small  and  large  intestines  showed  areas  of  sub- 
mucous hemorrhages  and  some  hemorrhage  to  lumen,  liver  pale,  heart 
muscle  injected,  anterior  lobes  of  lungs  congested  and  some  marginal 
edema  present,  peritoneal  fluid  excessive  and  slightly  sanguineous,  blad- 
der apparently  normal. 

Rabbit  No.  7215. — Weight  1.97  kilos;  dose  15  cc.  per  kilo;  animal 
died  the  following  day;  post  mortem,  stomach  inflamed  showing 
hemorrhagic  areas,  small  intestine  with  areas  of  inflammation  and 
ecchymoses,  large  intestine  congested,  carbon  tetrachlorid  recovered 
from  stomach  and  large  and  small  intestines,  heart  vessels  congested, 
lungs  showed  more  or  less  extensive  capillary  hemorrhage,  vessels  of 
urinary  bladder  congested. 

Rabbit  No.  7216. — Weight  1.65  kilos;  dose  20  cc.  per  kilo;  animal 
died  the  following  day ;  post  mortem,  evidence  of  diarrhea,  gastric  cardia 
showed  hemorrhagic  eroded  areas,  ecchymoses  in  small  intestine,  large 
intestine  congested,  carbon  tetrachlorid  recovered  from  stomach  and 
large  and  small  intestines,  heart  vessels  congested,  urinary  bladder  empty 
and  its  blood  vessels  injected. 

These  tests  indicate  that  rabbits  will  tolerate  doses  of  carbon  tet- 
rachlorid at  the  rate  of  5  cc.  per  kilo,  but  will  die  in  the  course  of  2  days 
after  a  dose  at  the  rate  of  10  cc.  per  kilo  and  within  24  hours  after  a  dose 
at  the  rate  of  15  or  20  cc.  per  kilo.  The  minimum  lethal  dose  rate  is 
therefore  between  5  and  10  cc.  per  kilo,  apparently  close  to  10  cc.  per 
kilo.  The  experiment  indicates  that  carbon  tetrachlorid  passes  through 
the  digestive  tract  unabsorbed  in  most  part,  but  that  in  large  doses 
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enough  may  be  absorbed  to  cause  death.  The  dose  which  was  tolerated, 
at  the  rate  of  5  cc.  per  kilo,  would  give  a  safety  factor  of  almost  1 7  on 
the  basis  of  the  therapeutic  dose  for  dogs — namely,  d.3  cc.  per  kilo. 
This  is  a  distinctly  lower  safety  factor  than  that  for  this  drug  in  the  case 
of  dogs,  but  it  is  nevertheless  a  high  safety  factor  for  drugs  in  general. 
A  very  casual  determination  by  water  displacement  of  the  gastric  capac- 
ity of  a  rabbit  weighing  7  pounds  (a  little  over  3  kilos)  showed  it  to  be 
about  200  cc.  Ten  cc.  per  kilo  being  considered  as  the  minimum  lethal 
dose,  the  minimum  lethal  dose  for  this  rabbit  would  be  over  60  cc,  or 
more  than  30  per  cent  of  the  gastric  capacity.  A  rabbit  weighing  1.97 
kilos  had  a  gastric  capacity  of  125  cc.  of  which  the  minimum  lethal  dose 
would  equal  almost  16  per  cent,  and  a  rabbit  weighing  1.65  kilos  had  a 
gastric  capacity  of  120  cc.  of  which  the  minimum  lethal  dose  would  equal 
almost  14  per  cent. 

TESTS  ON  DOGS 

In  a  paper  by  Hall  (13),  already  referred  to,  tests  were  reported  of  the 
use  of  carbon  tetrachlorid  on  30  dogs.  These  tests  showed  that  when 
administered  in  hard  capsules  in  doses  of  0.3  cc.  per  kilo  of  live  weight — a 
dose  of  3  cc.  for  a  dog  of  average  weight,  10  kilos  (22  pounds) — this  drug 
would  remove  all  the  hookworms  present.  Apparently,  no  purgation  is 
necessary  and  the  drug  itself  is  not  constipating.  Equally  good  results 
were  obtained  by  the  use  of  a  solution  containing  10  grains  of  thymol  to 
1  cc.  of  carbon  tetrachlorid,  the  solution  being  given  at  the  same  dose 
rate  as  the  carbon  tetrachlorid  alone,  0.3  cc.  per  kilo.  One  hundred  per 
cent  efficacy  was  also  obtained  by.  the  use  of  a  solution  containing  3  parts 
by  volume  of  carbon  tetrachlorid  and  1  part  of  oil  of  chenopodium,  the 
solution  being  given  at  the  same  dose  rate  as  the  carbon  tetrachlorid 
alone.  The  removal  of  all  hookworms  present  by  carbon  tetrachlorid, 
or  mixtures  containing  this  drug,  from  a  series  of  infested  dogs  is  a  result 
which  it  has  been  impossible  to  obtain  in  scores  of  experiments  with 
chenopodium,  chloroform,  thymol,  and  other  drugs.  It  apparently 
solves  the  problem  of  treatment  for  hookworm  disease  in  dogs.  It  has 
been  favorably  reported  on  by  Smyth  (29),  and  we  have  had  favorable 
reports  in  correspondence  from  and  in  conversation  with  a  number  of 
veterinarians  in  various  parts  of  the  United  States.  Brumley  in  1922 
stated:  "I  wish  to  report  that  carbon  tetrachlorid  has  given  us  excellent 
results  in  removing  hookworms  from  dogs.  Its  use  has  demonstrated 
its  superiority  over  any  of  the  other  anthelmintics  used  to  date."  Dr. 
D.  E.  Buckingham,  of  Washington,  D.  C,  tells  us  that  he  has  given  it 
to  more  than  500  dogs  and  cats  with  no  bad  results,  even  in  the  case  of 
pups  2  weeks  old  or  kittens  3  weeks  old. 

When  administered  in  hard  capsules  at  the  dose  rate  stated  above, 
carbon  tetrachlorid  removed  not  only  all  the  hookworms,  but  also  all 
the  ascarids  present.  Other  experiments  at  different  dose  rates  indicate 
that  this  drug  is  probably  not  so  effective  against  ascarids  as  is  oil  of 
chenopodium,  but  it  appears  to  be  only  second  to  this  highly  effective 
drug  in  removing  these  worms. 

Carbon  tetrachlorid  is  substantially  as  effective  in  removing  whip- 
worms as  is  any  other  good  anthelmintic.  In  a  general  way  one  may 
say  that  almost  any  anthelmintic  will  remove  whipworms  if  it  comes  in 
contact  with  them,  but  the  establishment  of  such  a  contact  is  usually  a 
matter  of  accident.  If  an  anthelmintic  enters  the  cecum  after  passing 
the  ileocecal  valve  it  will  probably  remove  the  whipworms  with  which 
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it  comes  in  contact.  If  the  anthelmintic  passes  from  the  ileocecal  valve 
clown  the  colon,  it  will  not  come  in  contact  with  the  whipworms  in  the 
cecum,  and  except  in  very  heavy  infestations  the  whipworms  present  are 
usually  found  clustered  near  the  tip  of  the  cecum.  In  the  experiments 
on  dogs  it  was  reported  that  when  carbon  tetrachlorid  was  administered 
in  capsules  at  a  dose  rate  of  o.  1  or  0.2  cc.  per  kilo  it  removed  no  whip- 
worms, at  a  dose  rate  of  0.3  cc  per  kilo  it  removed  less  than  10  per  cent 
of  the  whipworms,  and  at  a  dose  rate  of  1  cc.  per  kilo  it  removed  100  per 
cent  of  the  whipworms  present  in  one  dog.  These  results  suggest  that  the 
problem  of  removing  whipworms  by  insuring  the  entrance  of  the  drug 
into  the  cecum  might  be  solved  in  either  of  two  ways.  One  of  them  is 
to  give  repeated  small  doses  of  some  anthelmintic  which  is  not  a  gastro- 
intestinal irritant,  such  as  santonin,  over  a  period  of  a  number  of  days 
in  order  that  the  entry  of  the  drug  into  the  cecum  be  insured  by  in- 
creasing the  number  of  its  chances  to  enter  the  cecum.  This  is  a  method 
which  has  been  tested  and  proposed  by  Hall  (9,  12).  Another  solution 
of  the  problem  would  be  to  employ  a  drug  which  could  be  used  in  such 
large  quantities  that  its  entrance  into  the  cecum  would  be  insured  be- 
cause of  the  large  quantity  used.  Carbon  tetrachlorid  might  be  such  a 
drug,  though  this  remains  to  be  proved.  However,  it  will  be  noted  that 
as  the  dose  rate  for  this  drug  was  raised,  the  efficacy  increased  from 
o  to  100  per  cent,  the  latter  result  being  attained  with  a  dose  of  1  cc.  per 
kilo.  Tests  of  toxicity  were  reported  by  Hall  (12),  showing  that  dogs 
would  survive  a  dose  of  1.5  cc.  per  kilo  without  showing  symptoms  of 
injury  or  any  evident  lesions  post  mortem. 

We  have  carried  on  additional  toxicity  tests  of  this  drug  on  dogs  as 
follows:  Three  dogs  (No.  436,  425,  and  426)  weighing,  respectively, 
20.5  pounds  (about  9  kilos),  21.5  pounds  (about  10  kilos),  and  39.5 
pounds  (about  18  kilos)  were  each  given  10  cc.  of  carbon  tetrachlorid 
in  capsules.  Seven  days  later  they  were  given,  respectively,  30,  50, 
and  60  cc.  of  this  drug  by  catheter  to  the  stomach,  a  dose  rate  of  3.33 
to  5  cc.  per  kilo.  Thirty-nine  days  later  the  first  two  of  these  dogs 
(No.  436  and  425)  were  given,  respectively,  91  to  60  cc.  by  catheter  to 
the  stomach.  At  this  time  dog  No.  436  weighed  13  kilos,  the  dose  rate 
being  7  cc.  per  kilo.  One  week  later,  dog  No.  425,  previously  given 
60  cc.  of  carbon  tetrachlorid,  was  given  156  cc,  or  12  cc.  per  kilo;  and 
another  dog,  No.  424,  weighing  20  kilos,  was  given  240  cc,  or  12  cc. 
per  kilo.  A  little  less  than  two  months  later,  dog  No.  424  was  given 
320  cc,  or  16  cc  per  kilo.  These  animals  showed  no  bad  effects  imme- 
diately after  treatment  or  subsequently.  Since  no  bad  effects  were 
observed,  the  highest  dose  rate,  16  cc.  per  kilo,  gives  a  safety  factor  of 
over  53  for  the  therapeutic  dose  of  0.3  cc.  per  kilo.  The  two  doses  being 
considered,  dog  No.  424  received  in  less  than  two  months  560  cc,  or 
28  cc.  per  kilo,  or  more  than  93  times  the  therapeutic  dose.  At  a  single 
dose  this  dog  received  over  53  times  the  therapeutic  dose.  These  figures 
indicate  that  carbon  tetrachlorid  is  uncommonly  safe.  The  therapeutic 
dose  of  oil  of  chenopodium  for  the  removal  of  all  ascarids  present  is 
0.1  cc.  per  kilo.  The  minimum  lethal  dose  is  0.5  cc.  per  kilo.  This 
gives  a  safety  factor  of  5.  So  far  we  have  failed  to  find  the  minimum 
lethal  dose  rate  for  carbon  tetrachlorid,  since  our  dogs  have  survived 
what  we  regarded  as  dangerously  high  doses ;  but  the  present  ascertained 
safety  factor  is  over  53,  or  more  than  ten  times  as  great  as  that  of  oil  of 
chenopodium  as  an  effective  drug  for  ascarids  compared  with  that  of  car- 
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bon  tetrachlorid  as  an  effective  drug  for  hookworms.  This  bears  out  the 
supposition  that  it  may  prove  feasible  and  safe  to  flood  the  digestive 
tract  of  dogs  with  sufficient  carbon  tetrachlorid  to  kill  whipworms.  A 
safety  factor  of  53  is  a  very  high  safety  factor  for  drugs.  According 
to  Hall  and  Wigdor  (21)  the  gastric  capacity  of  the  average  dog  is  about 
1  liter  or  a  little  less.  At  a  dose  rate  of  16  cc.  per  kilo,  a  dog  of  average 
weight  (10  kilos)  could  take  with  safety  160  cc,  or  about  one-sixth  (16 
per  cent)  of  its  stomach  capacity  of  carbon  tetrachlorid. 

In  a  paper  by  Hall  (rj)  it  is  noted  that  this  drug  is  not  of  value  in 
removing  tapeworms  of  the  genus  Dipylidiwn,  and  probably  will  not 
be  valuable  in  removing  any  tapeworms. 

We  have  carried  on  a  few  tests  to  determine  the  efficacy  of  carbon 
tetrachlorid  when  administered  in  soft  capsules.  Theoretically,  the 
drug  should  be  as  effective  when  given  in  soft  capsules  as  when  given 
in  hard  capsules,  but  since  some  chemicals  harden  soft  gelatine  capsules 
and  in  time  harden  them  to  the  point  where  they  will  pass  the  digestive 
tract  unopened,  it  seems  advisable  to  determine  something  definite  in 
regard  to  the  possible  effects  of  carbon  tetrachlorid  on  gelatine  and  the 
efficacy  of  the  drug  when  administered  in  soft  capsules.  In  the  following 
tests  the  capsules  used  by  us  were  from  two  lots,  one  less  than  3  months 
old  and  the  other  over  4  months  old  but  less  than  a  year  old,  the  date 
of  manufacture  not  being  definitely  known  to  us. 

Dog  No.  488. — Weight  13.5  pounds  (approximately  6  kilos);  given 
1.5-cc.  soft  capsule;  no  worms  passed;  post  mortem,  fourth  day,  14 
hookworms,  46  whipworms,  31  Dipylidiwn  caninum;  efficacy,  o  per 
cent  against  hookworms,  whipworms,  and  tapeworms. 

Dog  No.  489. — Weight  19  pounds  (approximately  9  kilos) ;  given 
one  3-cc.  soft  capsule;  first  day,  16  ascarids,  1  whipworm;  second  day, 
7  whipworms;  third  day,  2  whipworms;  post  mortem,  fourth  day,  28 
whipworms,  2  Dipylidiwn  caninum;  efficacy  100  per  cent  against  ascarids, 
26  per  cent  against  whipworms,  o  per  cent  against  tapeworms. 

Dog  No.  491. — Weight  24  pounds  (approximately  n  kilos);  given 
one  3-cc.  soft  capsule ;  second  day,  1  whipworm ;  fourth  day,  2  hookworms, 
1  whipworm;  post  mortem,  fourth  day,  74  whipworms;  efficacy,  100 
per  cent  against  hookworms,  2.6  per  cent  against  whipworms. 

Dog  No.  492. — Weight  23  pounds  (approximately  10.5  kilos)  given 
one  3-cc.  soft  capsule;  first  day,  2  ascarids;  post  mortem,  fourth  day, 
10  whipworms;  efficacy,  100  per  cent  against  ascarids,  o  per  cent  against 
whipworms. 

In  the  foregoing  tests  the  doses  are  approximately  the  therapeutic 
doses  for  the  weights  of  the  animals.  The  drug  was  100  per  cent 
effective  against  ascarids  in  the  case  of  the  two  infested  animals,  7  per 
cent  effective  against  whipworms,  and  o  per  cent  effective  against  tape- 
worms. It  was  100  per  cent  effective  against  hookworms  in  the  case 
of  one  dog  and  o  per  cent  effective  in  the  case  of  another.  These  findings 
must  be  considered  in  the  light  of  the  fact  that  all  four  dogs  showed 
hookworm  eggs  on  preliminary  fecal  examination.  It  appears,  therefore, 
that  there  is  some  likelihood  that  all  the  feces  passed  were  not  collected 
by  the  attendant  and  that  the  other  two  dogs  may  have  had  all  their 
hookworms  removed  by  the  treatment.  Ignoring  these  doubtful  cases, 
we  may  say  that  carbon  tetrachlorid  given  in  soft  capsules  in  approxi- 
mately the  therapeutic  dose  of  0.3  cc.  per  kilo  may  remove  all  the  hook- 
worms present  or  may  leave  many  or  all  of  them.     The  dependability 
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of  the  drug  appears  to  be  lessened  by  the  use  of  the  soft  capsule,  but 
the  number  of  tests  here  are  entirely  too  small  to  warrant  a  positive  state- 
ment. However,  it  may  be  pointed  out  that  Hall  (10,  11)  did  not  find 
chloroform  administered  in  soft  gelatine  capsules  so  effective  as  when 
administered  in  hard  capsules  or  in  castor  oil.  It  seemed  possible  that 
chloroform  exerted  a  hardening  effect  on  the  gelatine,  preventing  the 
capsules  from  opening  in  time  to  come  in  contact  with  the  worms.  This 
same  possibility  may  be  true  of  carbon  tetrachlorid,  which  is  closely 
related  to  chloroform. 

In  connection  with  reiterated  recommendations  that  only  the  chemi- 
cally pure  carbon  tetrachlorid  be  used,  it  is  of  interest  to  note  that  Dr. 
W.  J.  Ratigan  has  reported  in  correspondence  the  deaths  of  two  dogs 
treated  for  worms  by  their  owners  under  circumstances  indicating  that 
commercial  carbon  tetrachlorid  was  used. 

TESTS  ON  CATS 

Tests  of  carbon  tetrachlorid  showed  that  a  dose  rate  of  0.3  cc.  per 
kilo  was  well  tolerated  by  cats.  We  have  already  noted  that  Doctor 
Buckingham  reports  favorably  on  the  use  of  carbon  tetrachlorid  in  the 
case  of  these  animals.  Dr.  O.  V.  Brumley,  of  the  Ohio  State  University, 
writes  in  regard  to  it  under  date  of  April  12,  1922 :  "It  has  been  a  great 
help,  particularly  in  the  treatment  of  hookworm  in  dogs  and  cats." 

In  order  to  ascertain  the  minimum  lethal  dose  of  carbon  tetrachlorid 
for  cats  we  carried  out  the  following  experiments : 

Cat  No.  3. — Three-months-old  kitten,  weighing  890  gm.  Given  10  cc. 
of  carbon  tetrachlorid,  a  dose  rate  of  slightly  over  11.23  cc-  Per  kilo,  by 
stomach  tube,  a  catheter  being  used  as  a  tube.  Treatment  was  given 
at  8.30  a.  m.  Within  a  half  hour  the  animal  vomited  some  food  and 
2  immature  ascarids.  It  refused  to  eat  and  appeared  stupid.  The  next 
morning  it  was  found  dead.  There  was  a  considerable  quantity  of  carbon 
tetrachlorid  in  the  posterior  third  of  the  small  intestine;  the  intestine 
was  empty  anterior  to  this  but  contained  some  ingesta  in  the  posterior 
portion.  The  stomach  and  intestine  showed  very  little  inflammation. 
No  worms  were  found  post  mortem.  This  animal  was  thin  and  in  poor 
condition  when  treated. 

Cat  No.  4. — Three-months-old  kitten,  weighing  1.54  kilos.  Given 
15  cc.  of  carbon  tetrachlorid,  a  dose  rate  of  9.74  cc.  per  kilo,  by  stomach 
tube  at  8.30  a.  m.  Within  a  half  hour  the  animal  vomited  some  food 
and  1  mature  ascarid.  The  animal  became  weaker  that  day  and  the 
next  day,  dying  the  second  night  after  treatment.  The  organs  appeared 
normal  on  macroscopic  examination  except  for  a  considerable  quantity 
of  mucous  material  in  the  small  intestine.  No  worms  were  found  post 
mortem. 

Cat  No.  5. — Six-weeks-old  kitten,  weighing  675  gm.  Given  3  cc.  of 
carbon  tetrachlorid  by  stomach  tube,  a  dose  rate  of  slightly  over  2  cc. 
per  kilo.  During  the  second  hour  after  treatment  the  cat  vomited 
2  ascarids  and  during  the  night  it  passed  6  ascarids.  The  cat  was  very 
sick  for  several  hours,  showed  improvement  in  6  hours,  and  was  appar- 
ently normal  in  2  days,  continuing  in  good  health  for  2  weeks,  at  the  end 
of  which  time  it  was  given  a  larger  dose. 

Cat.  No.  6. — Six-weeks-old  kitten,  weighing  700  gm.  Given  4  cc.  of 
carbon  tetrachlorid  by  stomach  tube,  a  dose  rate  of  2.8  cc.  per  kilo. 
Within  an  hour  the  cat  vomited  9  ascarids  and  during  the  night  it  passed 
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2  ascarids.  The  subsequent  history  was  the  same  as  that  for  No.  5,  but 
the  symptoms  were  less  severe  following  a  larger  dose  (to  be  reported 
below) . 

Cat  No.  7. — Six-weeks-old  kitten,  weighing  960  gm.  Given  4.8  cc.  of 
carbon  tetrachlorid  by  stomach  tube,  a  dose  rate  of  5  cc.  per  kilo.  Within 
an  hour  the  cat  vomited  3  ascarids  and  during  the  night  it  passed  14  as- 
carids. The  subsequent  history  was  the  same  as  for  No.  5  and  6, 
but  the  symptoms  were  more  severe  following  a  larger  dose  (to  be  re- 
ported below). 

Two  weeks  after  these  animals  (No.  5,  6,  and  7)  had  been  given  the 
foregoing  treatments,  they,  now  2  months  old,  were  given  larger  doses 
of  carbon  tetrachlorid  as  follows: 

Cat  No.  5. — Weight  620  gm.  Given  3.72  cc.  of  carbon  tetrachlorid  by 
stomach  tube,  a  dose  rate  of  6  cc.  per  kilo.  The  animal  vomited  within  a 
half  hour  after  treatment  but  did  not  seem  greatly  affected.  It  drank 
milk  3  or  4  hours  after  treatment  and  seemed  quite  normal  the  following 
day. 

Cat  No.  6. — Weight  740  gm.  Given  5.18  cc.  of  carbon  tetrachlorid  by 
stomach  tube,  a  dose  rate  of  7  cc.  per  kilo.  The  animal  did  not  vomit 
after  treatment  and  did  not  seem  greatly  affected  by  it.     It  drank  milk 

3  or  4  hours  after  treatment  and  seemed  quite  normal  the  following  day. 
Cat  No.  7. — Weight  940  gm.     Given  7.52  cc.  of  carbon  tetrachlorid 

by  stomach  tube,  a  dose  rate  of  8  cc.  per  kilo.  This  animal  showed  pro- 
fuse salivation  after  treatment  and  pronounced  evidence  of  intoxication. 
There  was  evident  improvement  in  its  condition  in  the  course  of  3  or  4 
hours,  and  it  seemed  quite  normal  the  following  day. 

So  far  as  conclusions  can  be  safely  drawn  from  these  experiments,  it  is 
evident  that  carbon  tetrachlorid  has  a  wide  margin  of  safety  between 
the  therapeutic  dose  of  0.3  cc.  per  kilo  and  the  minimum  lethal  dose. 
Cats  No.  3  and  4  were  not  in  very  good  physical  condition,  and  it  is  possi- 
ble that  stronger  animals  would  have  survived  the  doses  which  killed 
these  animals.  At  any  rate,  the  survival  of  animals  given  8  cc.  per  kilo 
gives  an  indicated  safety  factor  of  almost  27,  which  is  considered  high. 
It  indicates  that  members  of  the  Felidae,  as  well  as  of  the  Canidae, 
are  highly  tolerant  of  carbon  tetrachlorid. 

In  connection  with  the  effects  of  carbon  tetrachlorid  taken  in  milk  by 
one  of  the  writers  and  discussed  later  in  this  paper,  the  drug  was  given  as 
follows  to  cats  No.  6  and  7  five  days  after  they  were  given  the  second  dose 
as  reported  in  the  preceding  tests: 

Cat  No.  6. — Given  3.7  cc,  a  dose  rate  of  5  cc.  per  kilo,  in  5  cc.  of  rich 
milk.     The  animal  did  not  vomit,  and  showed  no  ill  effects. 

Cat  No.  7. — Given  3.7  cc,  a  dose  rate  of  almost  4  cc  per  kilo,  in  5  cc. 
of  olive  oil.     The  animal  did  not  vomit,  and  showed  no  ill  effects. 

The  use  of  milk  and  oil  did  not  result  in  an  evident  increase  of  toxicity. 

The  same  day  on  which  these  cats  were  treated  the  third  time,  cat  No. 
5  was  killed  and  examined  post  mortem.  There  were  no  worms 
present.     The  liver  was  light- colored. 

TEST  ON  FOXES 

The  writers  have  carried  on  no  experiments  with  carbon  tetrachlorid 
for  removing  worms  from  foxes,  but  a  number  of  reports  of  such  experi- 
ments, in  conversation  and  in  correspondence  as  well  as  in  published 
papers,  have  come  to  their  attention.     So  far  these  reports  have  been 
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quite  favorable,  both  as  regards  the  efficacy  of  the  drug  against  hookworms 
and  as  regards  its  safety.  This  is  a  matter  of  considerable  interest  and 
importance,  since  hookworms,  mostly  Uncinaria  stenocephala,  are  very 
common  in  fur  foxes  raised  in  captivity,  and  because  of  the  value  of  these 
animals,  some  of  them  being  worth  $900  to  $2,000,  or  more,  a  pair,  the 
loss  of  an  individual  animal  is  a  serious  matter.  One  fox  raiser  states 
in  correspondence  that  in  the  last  two  years  he  has  lost  at  least  $50,000, 
mostly  because  of  hookworms.  This  man  has  reported  some  interesting 
experiments  on  the  administration  of  carbon  tetrachlorid  to  foxes. 
In  two  cases  a  capsule  containing  1.55  cc.  of  carbon  tetrachlorid  was 
pushed  into  the  windpipe,  causing  death  in  1  to  2  minutes.  This,  of 
course,  is  a  matter  of  technic. 

In  administering  capsules  to  hundreds  of  dogs  we  have  never  pushed 
one  into  the  windpipe.  However,  it  is  difficult  to  avoid  this  in  foxes, 
since  the  capsules  are  given  to  adult  foxes  with  a  balling  gun,  a  much 
less  sensitive  instrument  than  the  fingers.  Doctor  Hanson  tells  us  that 
capsules  may  be  administered  with  the  fingers  to  fox  pups  up  to  6  weeks 
old.  This  would  appear  to  be  the  safest  and  best  mode  of  administration 
for  fox  pups.  The  fox  raiser  referred  to  above  gave  to  3  foxes,  weighing 
about  15  pounds  each,  doses  of  about  18.6  cc.  of  carbon  tetrachlorid 
by  drench,  a  dose  rate  of  approximately  2.7  cc.  per  kilo.  All  the  ani- 
mals showed  convulsions,  probably  as  a  result  of  inhalation  intoxication, 
and  r  of  them  died,  the  other  2  recovering.  A  report  on  these  cases 
has  been  published  by  Hall  (17) . 

Jeffreys  (24)  recommended  for  dosing  pups,  the  use  of  ordinary  syringe 
rubber  tubing  5  inches  long  with  an  outside  diameter  of  -^  inch  and  a 
bore  of  34  mcn»  the  tip  to  be  rounded  with  sandpaper.  This  is  fitted 
with  a  pliable  plunger  with  a  button  in  the  end  outside  of  the  tube  and 
with  the  other  end  blunt.  The  mouth  of  the  fox  is  held  open  with  a 
speculum,  and  the  end  of  the  tube  is  oiled  and  inserted  into  the  upper 
end  of  the  esophagus  before  the  capsule  is  discharged.  The  drug  is  given 
in  capsules  of  sizes  No.  o,  1,  2,  and  3. 

Fitzgerald  (6)  has  described  and  figured  a  balling  gun  and  speculum 
suitable  for  the  administration  of  capsules  of  carbon  tetrachlorid  to  foxes, 
and  has  discussed  the  technic  of  this  treatment.  The  balling  gun 
has  a  rigid  barrel,  prolonged  by  a  flexible  tip,  and  is  provided  with  a 
flexible  plunger. 

The  survival  of  2  animals  out  of  3  after  such  a  large  dose  as  18.6  cc. 
by  drench  is  especially  interesting  in  view  of  the  report  by  Allen  (1)  on 
the  effect  of  various  anthelmintics  on  foxes.  He  found  that  chloroform 
was  extremely  toxic  for  foxes,  killing  50  per  cent  of  the  animals  treated, 
even  though  the  dose  used  was  too  low  to  secure  satisfactory  anthelmintic 
action.  He  found  that  thymol  in  a  dose  which  was  87.8  per  cent  effective 
against  hookworms  killed  18.7  per  cent  of  the  animals  treated;  when  the 
dose  was  reduced  to  give  an  efficacy  of  33  per  cent,  the  fatalities  totaled 
5.8  per  cent  of  the  animals  treated.  It  would  therefore  appear  that 
carbon  tetrachlorid  solves  the  question  of  safety  in  treating  foxes  for 
hookworms,  for  the  therapeutic  dose  rate  of  0.3  cc.  per  kilo  for  removing 
hookworms  (the  dose  for  dogs  and  the  one  which  has  been  used  on  foxes 
with  satisfactory  results  in  a  number  of  cases  which  have  come  to  our 
attention)  has  a  safety  factor  of  9  when  compared  with  the  dose  rate  of 
2.7  cc.  per  kilo  which  was  survived  by  2  out  of  3  foxes  to  which  it  was 
administered  in  a  drench.  Allen  (2)  has  since  stated  that  he  has  used 
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carbon  tetrachlorid  in  comparatively  few  cases  with  apparently  good 
resul  ts.  Subsequently  he  ( 3)  has  reported  that  in  the  treatment  of  399 
foxes  95  per  cent  of  the  hookworms  present  were  removed.  Seven  foxes 
were  killed  by  the  treatment,  probably  from  inhalation  intoxication  in 
most  cases,  due  to  accidents  in  administration.  Allen  (4)  has  reported 
critical  tests  on  23  foxes  and  finds  an  efficacy  of  93  per  cent  against  hook- 
worms. A  small  quantity  of  castor  oil  was  given  by  him  in  connection 
with  the  administration  of  the  carbon  tetrachlorid  in  capsules. 

Jeffreys  (24)  has  reported  the  treatment  of  69  fox  pups,  17  days  old 
to  5  weeks  old,  without  evidence  of  discomfort  or  ill  effects,  which  indi- 
cates the  safety  of  carbon  tetrachlorid  since  drugs  in  general — and  this 
is  true  of  anthelmintics — are  much  more  toxic  to  young  animals  than  to 
mature  animals.  Jeffreys  found  the  drug  100  per  cent  effective  against 
hookworm  and  ascarids.  He  also  reports  that  it  is  100  per  cent  effective 
in  removing  intestinal  flukes  from  foxes.  According  to  Jeffreys,  the  use 
of  carbon  tetrachlorid  "  is  worth  thousands  of  dollars  to  every  fox  rancher." 

In  another  paper,  Jeffreys  (25)  states:  "An  efficient  remedy  for  the 
removal  of  hookworms  was  unknown  a  year  ago,  and  the  blue  fox  rancher 
was  greatly  handicapped.  Now  .  .  .  we  have  an  efficient  remedy 
in  the  form  of  carbon  tetrachloride.  With  this  problem  of  parasites 
practically  solved  the  rancher  will  have  greater  success  in  developing 
the  blue  fox  industry." 

When  capsules  break  in  the  mouth  and  the  drug  enters  the  lungs, 
animals  can  be  revived  in  many  cases  by  artificial  respiration.  In  view 
of  the  fact  that  carbon  tetrachlorid  and  its  vapors  are  very  heavy,  it 
would  probably  be  advisable  to  hold  the  animal  with  its  head  down  to 
assist  in  mechanically  clearing  the  lungs. 

At  the  present  time  effective  treatment  for  the  removal  of  hook- 
worms from  foxes  is  a  matter  of  special  interest,  since  fur  foxes  can  not 
be  imported  into  the  United  States  if  they  are  infested  with  hookworms. 
Previously,  the  majority  of  foxes  could  not  be  admitted  to  this  country, 
since  they  are  usually  infested  and  no  drug  then  known  appeared  to  be 
safe  and  effective.  Allen  (4)  also  found  carbon  tetrachlorid  effective  in 
removing  ascarids  from  foxes.  We  have  no  reports  at  present  as  to  its 
value  in  removing  whipworms,  but  what  is  true  of  it  in  the  case  of  the 
same  worms  in  dogs  will  probably  be  true  of  it  in  the  case  of  the  worms 
in  foxes. 

TEvSTvS  ON  SWINE 

The  worm  of  greatest  importance  in  the  case  of  swine  in  this  country 
is  the  large  roundworm,  or  ascarid,  (Ascaris  lumbricoides) .  It  has  added 
interest  because  it  has  been  generally  accepted  by  parasitologists  of  late 
years  that  the  ascarid  of  swine -and  the  ascarid  of  man  are  identical;  this 
conclusion  is  reached  by  Bakker  (5)  in  a  recent  detailed  study.  Inasmuch 
as  the  tests  on  dogs  indicated  that  carbon  tetrachlorid  would  remove  as- 
carids from  these  animals,  and  in  view  of  the  fact  that  chenopodium,  the 
most  effective  drug  known  for  the  removal  of  ascarids,  is  of  variable  com- 
position and  occasionally  gives  rise  to  toxic  effects,  especially  when  given 
with  inadequate  purgation,  we  carried  out  some  tests  of  carbon  tetra- 
chlorid against  ascarids  in  swine  as  follows: 

A  series  of  4  pigs,  weighing  18  to  24  pounds,  were  given  6  cc.  of  carbon 
tetrachlorid  in  30  cc.  of  castor  oil  by  drench  and  were  killed  5  days 
later  with  the  following  results:    Pig  3381  passed  17  ascarids  and  had 
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1  dead,  partly  digested  ascarid  in  the  stomach  and  7  live  ascarids  in  the 
small  intestine  post  mortem;  pig  3382  passed  34  ascarids  and  had  none 
post  mortem;  pig  3383  passed  9  ascarids  and  had  10  live  ones  post 
mortem;  pig  3384  passed  2  ascarids  and  had  4  post  mortem.  The  treat- 
ments were,  respectively,  75,  100,47,  and  33  percent  effective.  There  were 
63  ascarids  removed  (including  the  worm  killed  but  not  yet  passed)  and 
21  left,  an  efficacy  for  the  series  of  75  per  cent.  The  dose  rate  here  is 
from  0.55  to  0.7  cc.  per  kilo,  the  efficacy  rising  from  33  per  cent  to  100 
per  cent  with  the  increasing  dose  rate.  These  animals  were  apparently 
not  properly  fasted. 

A  second  series  of  5  pigs  was  treated  as  follows:  Pig  3385,  weighing 
23  pounds,  was  given  12  cc.  of  the  drug  in  12  cc.  of  castor  oil  and  died 
within  48  hours  without  passing  any  feces;  post  mortem  it  had  5  whip- 
worms and  3  nodular  worms;  the  digestive  tract  showed  areas  of  high- 
grade  inflammation.  Pig  3386  was  held  as  a  control  animal  without 
treatment;  post  mortem  it  showed  17  ascarids,  14  whipworms,  and 
1  lungworm.  Pig  3387,  weighing  20  pounds,  was  given  6  cc.  of  carbon 
tetrachlorid  in  hard  capsules;  it  passed  2  ascarids;  post  mortem  it 
had  13  whipworms;  this  animal  had  an  abscess  involving  the  upper 
esophagus  and  posterior  larynx,  probably  due  to  the  administration  of 
the  capsules  by  the  balling  gun.  Pig  3388,  weighing  21.5  pounds,  was 
given  6  cc.  of  carbon  tetrachlorid  in  one  large  capsule,  the  animal  dying  a 
few  minutes  later,  apparently  as  the  result  of  the  entrance  of  the  capsule 
into  the  trachea. 

A  summary  of  the  findings  in  this  series  shows  that  in  the  case  of  2 
animals  weighing  9  to  10  kilos,  each  of  which  was  given  6  cc.  of  carbon 
tetrachlorid  in  capsules  in  one  case  and  in  25  cc.  of  castor  oil  in  the 
other,  all  the  ascarids  were  removed.  The  animals  had  been  fasted 
from  noon  of  the  previous  day,  and  under  these  conditions  the  dose 
rate  of  0.6  to  0.67  cc.  per  kilo  was  entirely  effective  in  removing  ascarids. 
The  use  of  a  balling  gun  to  administer  capsules  produced  an  abscess 
in  the  case  of  one  of  these  animals,  and  in  the  case  of  another  animal, 
where  a  large  capsule  was  used,  it  caused  death  by  forcing  the  capsule 
into  the  trachea.  A  dose  of  12  cc.  of  carbon  tetrachlorid  in  an  equal 
quantity  of  castor  oil,  or  about  double  the  dose  rate  of  0.6  cc.  per  kilo, 
caused  the  death  of  one  of  the  animals  treated.  If  this  dose  had  been 
administered  in  a  larger  quantity  of  castor  oil  so  as  to  diminish  the  irrita- 
tion and  lessen  the  amount  of  inhalation  of  carbon  tetrachlorid,  it  might 
have  been  tolerated.  The  results  of  this  series  of  tests  suggest  that 
the  drug  may  be  satisfactorily  administered  to  swine,  from  the  stand- 
point of  safety,  in  castor  oil  after  an  adequate  fast  (24  hours  at  least, 
and  possibly  36  hours  would  be  better),  and  that  when  so  administered 
it  will  in  many  cases  remove  all  ascarids  present  when  given  at  the  rate 
of  0.6  cc.  per  kilo. 

A  series  of  tests  on  a  large  animal  were  made  as  follows:  Pig  3384, 
weighing  125  pounds  (about  57  kilos),  was  given  8  cc.  of  carbon  tetra- 
chlorid in  60  cc.  of  castor  oil;  no  worms  were  passed  during  the  next 
4  days;  it  was  then  given  16  cc.  of  carbon  tetrachlorid  in  60  cc.  of  castor 
oil;  no  worms  were  passed  during  the  next  5  days;  it  was  then  given 
32  cc.  of  carbon  tetrachlorid  in  60  cc.  of  castor  oil;  the  next  day  the 
animal  passed  1  ascarid,  no  other  worms  passing  during  the  next  4  days; 
it  was  then  given  40  cc.  of  carbon  tetrachlorid  in  60  cc.  of  castor  oil; 
no  worms  were  passed  during  the  next  5  days;  it  was  then  given  32  cc. 
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of  carbon  tetrachlorid  in  60  cc.  of  castor  oil;  no  worms  were  passed 
during  the  next  4  days;  post  mortem  no  worms  were  found.  The 
one  worm  passed  after  a  treatment  following  a  fast  of  24  hours.  The 
effective  dose  rate  was  0.56  cc.  per  kilo.  This  animal  showed  no  bad 
clinical  effects  or  post-mortem  lesions  from  the  administration  of  repeated 
doses  totaling  128  cc,  or  about  4  ounces,  of  carbon  tetrachlorid  in  the 
course  of  3  weeks. 

Tests  on  another  large  animal  were  made  as  follows:  Pig  3350,  weigh- 
ing 140  pounds  (about  64  kilos)  was  given  32  cc.  of  carbon  tetrachlorid 
in  60  cc.  of  castor  oil;  no  worms  were  passed  during  the  next  6  days; 
it  was  then  given  40  cc.  of  carbon  tetrachlorid  in  90  cc.  of  castor  oil; 
1  ascarid  was  passed  during  the  next  7  days;  it  was  then  given  50  cc. 
of  carbon  tetrachlorid  in  120  cc.  of  castor  oil;  no  worms  passed  during 
the  next  4  days;  post  mortem  there  were  no  ascarids,  but  many  nodular 
worms.  The  effective  dose  in  this  case  was  at  the  rate  of  about  0.63 
cc.  per  kilo.  The  animal  showed  no  clinical  symptoms  or  post-mortem 
lesions  as  a  result  of  the  administration  of  120  cc.  (about  4  ounces)  of 
carbon  tetrachlorid  in  13  days. 

A  slightly  larger  dose  rate  was  tested  as  follows:  Pig  3375  was  given 
40  cc.  of  carbon  tetrachlorid  in  100  cc.  of  castor  oil;  it  passed  1  ascarid 
during  the  next  7  days;  post  mortem  it  had  no  ascarids,  but  had  a  large 
number  of  nodular  worms.  This  animal  weighed  about  100  pounds 
(45  kilos),  so  the  dose  rate  was  about  0.89  cc.  per  kilo. 

Having  established  by  the  foregoing  series  of  tests  that  the  effective 
dose  rate  necessary  for  the  removal  of  all  ascarids  present  in  swine  is 
at  least  0.6  cc.  per  kilo  for  animals  of  various  weights  when  properly 
fasted,  we  returned  to  the  treatment  of  a  series  of  small  pigs  as  follows: 
Pigs  ia,  2a,  and  4a,  weighing  41,  37,  and  34  pounds,  respectively,  were 
given  15  cc.  of  carbon  tetrachlorid  in  60  cc.  of  castor  oil;  and  pigs  5a 
and  6a,  weighing  35  and  26  pounds,  respectively,  were  given  12  cc.  of 
carbon  tetrachlorid  in  60  cc.  of  castor  oil.  During  the  next  6  days  pig 
1  a  passed  4  ascarids,  pig  5a  passed  26  ascarids,  and  pig  6a  passed  1 
ascarid,  the  other  pigs  passing  no  worms.  All  the  pigs  were  then  given 
15  cc.  of  carbon  tetrachlorid  in  60  cc.  of  castor  oil,  and  during  the  next 
week  pig  2a  passed  1  ascarid.  All  the  pigs  were  then  given  30  cc.  of 
carbon  tetrachlorid  in  60  cc.  of  castor  oil,  no  worms  being  passed  during 
the  next  5  days.  Fecal  examinations  of  these  pigs  had  shown  a  decreasing 
number  of  worm  eggs,  but  since  the  largest  number  were  from  the  pen 
of  pig  4a,  which  had  passed  no  worms,  this  animal  was  killed  and  exam- 
ined post  mortem.  No  worms  were  found,  so  the  eggs  present  were 
evidently  due  to  contamination  of  the  pen  floor  from  old  feces.  The 
initial  doses  for  3  of  the  pigs  were  at  the  rate  of  0.77  to  1  cc.  per  kilo, 
and  for  the  other  2  pigs  at  the  rate  of  0.8  to  1  cc.  per  kilo.  This  dose 
rate  apparently  removed  all  the  ascarids  from  all  animals  except  one, 
and  in  the  case  of  this  animal  a  second  dose  at  the  same  rate  as  the 
first,  0.8  cc.  per  kilo,  removed  1  ascarid,  probably  the  only  worm  present, 
since  the  third  dose  at  an  increased  rate  of  from  about  1  to  1.66  cc. 
per  kilo  removed  no  worms  from  any  of  the  animals. 

It  appears  from  the  foregoing  that  the  effective  dose  rate  of  carbon 
tetrachlorid  for  ascarids  in  swine  is  at  least  0.6  cc.  per  kilo  of  weight,  the 
best  method  of  administration  being  in  1  to  4  ounces  of  castor  oil,  according 
to  the  weight  of  the  animal.  Preliminary  fasting  for  24  to  36  hours 
appears  to  be  essential.     Occasionally,  doses  at  a  higher  rate  will  fail  to 
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remove  the  asearids  present,  but  the  drug  removed  all  asearids  present 
from  9  out  of  12  swine  examined  post  mortem.  Animals  will  tolerate 
doses  of  1.66  cc.  per  kilo  of  weight  and  will  tolerate  repeated  doses 
equivalent  to  a  dose  rate  of  2.24  ec.  per  kilo  in  3  weeks  (5  doses)  or  1.87 
ce.  per  kilo  in  13  days  (3  doses).  Reports  which  have  come  to  our  atten- 
tion indicate  that  the  dose  rate  of  1  ounce  for  animals  weighing  100 
pounds  should  not  be  exceeded  in  the  case  of  small  pigs.  At  the  rate 
given  in  the  foregoing  tests,  the  treatment  appears  to  be,  quite  safe,  but 
the  bulk  of  drug  required  for  the  removal  of  all  asearids  present  may  prove 
to  be  an  objection.  The  effective  dose  of  chenopodium  for  removing 
asearids  from  swine  is  about  4  cc.  for  a  100-pound  animal.  The  dose  of 
carbon  tetrachlorid  for  an  animal  of  this  size  would  be  about  27  cc,  or 
approximately  an  ounce  of  carbon  tetrachlorid,  as  compared  to  a  dram  of 
chenopodium.  It  would  therefore  appear  that  chenopodium  must  be 
regarded  as  a  more  potent  drug  for  the  removal  of  asearids  from  swine. 
Carbon  tetrachlorid  appears  to  be  of  little  value  for  removing  whipworms 
and  nodular  worms  from  swine.  Of  140  asearids  collected  from  the 
manure,  62  per  cent  were  passed  the  first  day  after  treatment,  9  per  cent 
the  second  day,  25  per  cent  the  third  day,  and  4  per  cent  the  fourth  day. 

We  are  informed  by  Doctor  Peters  that  carbon  tetrachlorid  is  proving 
effective  in  removing  the  thorny-headed  worms  of  swine,  but  owing  to  a 
lack  of  animals  infested  with  these  worms  we  have  no  experimental 
evidence  in  regard  to  this. 

To  determine  the  lesions  produced  by  a  lethal  dose  of  carbon  tetra- 
chlorid in  swine,  the  folio-wing  experiments  were  carried  out: 

Pig  No.  iG,  weighing  41  kilos  (90  pounds),  was  given  100  cc.  of  carbon 
tetrachlorid,  a  dose  rate  of  2.44  cc.  per  kilo,  by  stomach  tube,  a  horse 
stomach  tube  being  used.  The  pig  appeared  dull  and  stupid  soon  after 
treatment.  The  next  day  it  appeared  to  feel  better,  but  it  died  the  fol- 
lowing night,  within  48  hours  after  treatment.  On  post-mortem  exami- 
nation no  carbon  tetrachlorid  was  found  in  the  digestive  tract,  but  a 
quantity  was  found  in  the  thoracic  cavity.  In  connection  with  this 
finding,  a  tear  was  found  in  the  thoracic  portion  of  the  esophagus,  and 
it  seems  probable  that  the  large  stomach  tube  used  had  perforated  the 
esophagus,  allowing  the  drug  to  enter  the  thoracic  cavity.  The  liver 
showed  a  striking  bronzing  of  the  lobules  and  on  microscopic  examination 
by  Dr.  Leigh  Giltner,  of  the  Pathological  Division  of  the  Bureau  of  Animai 
Industry,  a  degeneration  and  capillary  hemorrhage  were  found.  The 
pathological  conditions  present  in  this  and  the  following  case  will  be 
discussed  by  Doctor  Giltner  in  a  separate  paper. 

Pig  2G,  weighing  34  kilos  (75  pounds),  was  given  100  cc.  of  carbon 
tetrachlorid,  a  dose  rate  of  approximately  3  cc.  per  kilo,  by  stomach  tube, 
a  horse  catheter  being  used  as  a  stomach  tube.  The  animal  appeared 
somewhat  stupid  and  died  during  the  night,  in  12  to  18  hours  after 
treatment.  On  post-mortem  examination  a  considerable  quantity  of 
carbon  tetrachlorid  was  found  in  the  small  intestine  and  stomach,  to- 
gether with  a  considerable  quantity  of  fluid.  The  liver  showed  the 
bronzed  appearance  as  in  the  case  of  the  previous  pig  and  also  some 
evidence  of  hemorrhage.     The  microscopic  appearance  was  similar. 

It  appears  from  the  findings  in  the  case  of  pig  2G  that  a  dose  of  3  cc. 
per  kilo  is  rapidly  fatal  and  gives  rise  to  distinct  lesions  of  the  liver.  The 
previous  experiments  showed  that  pigs  would  tolerate  carbon  tetrachlorid 
at  a  dose  rate  of  1.66  cc.  per  kilo.     The  minimum  lethal  dose  is  therefore 
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between  1.66  and  3  cc.  per  kilo.  Since  the  therapeutic  dose  rate  is  0.6  cc. 
per  kilo,  the  margin  of  safety  is  between  2.66  and  5,  a  very  small  margin 
for  swine  as  compared  with  the  large  margin  in  the  case  of  carnivores, 
poultry,  and  some  other  animals.  Swine  are  therefore  rather  poor 
subjects  for  treatment  with  carbon  tetrachlorid  or  other  drugs  acting 
on  the  liver — a  fact  probably  associated,  among  other  things,  with  the 
prevalence  of  parasitic  hepatic  cirrhosis  in  swine.  That  carbon  tetra- 
chlorid might  prove  unsatisfactory  for  swine  on  actual  test  was  pointed 
out  in  an  article  by  Hall  (14). 

TEST  ON  HORSES 

In  a  paper  by  Hall  (75)  tests  of  carbon  tetrachlorid  for  removing  bots 
and  worms  from  horses  have  been  reported.  Two  animals  were  given 
carbon  tetrachlorid  alone  in  doses  of  25  and  50  cc.  The  smaller  dose 
removed  23  per  cent  of  the  Gastrophilus  intestinalis  from  the  stomach 
and  29  per  cent  of  the  G.  veterinus  (G.  nasalis)  from  the  duodenum,  or 
24  per  cent  of  all  bots  present.  The  larger  dose  removed  23  per  cent  of 
the  bots  from  the  stomach  and  100  per  cent  of  the  bots  in  the  duodenum, 
or  25  per  cent  of  all  bots  present.  Since  the  smaller  dose  is  equivalent 
to  the  therapeutic  dose  of  carbon  bisulphid  (CS2)  which  will  remove  all 
the  bots  present,  carbon  tetrachlorid  is  evidently  inferior  to  carbon 
bisulphid  as  a  remedy  for  bots,  although  the  efficacy  shown  by  carbon 
tetrachlorid  is  superior  to  that  of  anything  that  has  been  used,  except 
carbon  bisulphid,  no  other  drug  having  shown  even  the  24  to  25  per 
cent  efficacy  shown  by  carbon  tetrachlorid. 

A  number  of  stomach  worms  (Habronema  sp.)  were  found  post  mortem 
in  the  stomach  of  one  horse,  none  having  been  found  in  the  manure.  In 
our  opinion,  this  can  be  taken  only  to  prove  that  carbon  tetrachlorid 
and  other  potent  drugs  will  not  kill  these  worms  when  they  are  buried 
in  the  mucosa.  It  appears  entirely  probable  that  carbon  tetrachlorid, 
carbon  bisulphid,  or  chenopodium  will  kill  those  individuals  with  which 
they  come  in  contact.  It  further  appears  that  as  a  rule  the  appearance 
of  the  dead  worms  in  the  manure  is  not  to  be  expected.  A  dead  worm 
in  the  stomach  is  in  effect  a  very  small  amount  of  protein  material  in  an 
environment  where  protein  digestion  is  being  carried  on,  and  it  is  to  be 
expected  that  the  worm  will  be  wholly  or  in  large  part  digested  before  it  can 
leave  the  stomach  unless  it  is  killed  near  the  pylorus  and  is  very  promptly 
carried  out  by  peristalsis.  Such  fragments  of  Habronema  as  might 
escape  in  this  manner  would  almost  certainly  be  completely  digested 
and  disintegrated  in  their  passage  through  the  small  and  large  intestines. 
The  journey  through  the  large  intestine  of  the  horse  may  require  days 
and  even  weeks  for  individual  objects,  and  Hall,  Smead,  and  Wolf  (20) 
found  dead  bots  in  the  large  intestine  as  late  as  1 7  days  after  the  admin- 
istration of  carbon  bisulphid.  Confirmatory  evidence  in  regard  to  the 
digestion  of  dead  worms  in  the  stomach  will  be  given  later  in  connection 
with  our  studies  on  treatment  for  stomach  worms  in  sheep.  It  therefore 
appears  that  the  technic  used  here  is  not  adapted  to  obtaining  accurate 
information  in  regard  to  the  efficacy  of  anthelmintics  on  worms  in  the 
stomach  and  that  the  findings  in  regard  to  treatments  for  these  worms 
must  be  reviewed  with  reference  to  the  occurrence  of  gastric  digestion  of 
the  worms. 
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The  carbon  tetrachlorid  in  the  smaller  dose  removed  the  few  ascarids 
present,  suggesting  that  this  drug  is  perhaps  as  effective  as  carbon  bisul- 
phid  against  these  worms. 

In  the  doses  used,  carbon  tetrachlorid  killed  all  the  Strongylus  present 
in  the  two  horses.  This  efficacy  is  in  line  with  the  100  per  cent  efficacy 
this  drug  displays  against  other  bloodsucking  worms,  such  as  hookworms 
in  the  dog  and  others  we  shall  mention  in  this  paper.  That  this  drug  is 
able  to  kill  these  worms  in  the  large  intestine  of  the  horse  is  apparently 
due  in  part  to  the  low  solubility  and  relatively  slight  volatility  of  the 
drug  which  enable  it  to  reach  the  large  intestine  in  quantities  sufficient 
to  kill  the  worms,  and  this  should  also  be  correlated  with  the  fact  that 
this  drug  does  not  depress  the  unstriated  musculature  of  the  digestive 
tract  and  stop  peristalsis. 

While  the  carbon  tetrachlorid  removed  large  numbers  of  cylicostomes, 
it  also  left  large  numbers.  It  appears  to  be  inferior  to  chenopodium 
for  the  removal  of  these  worms. 

In  the  paper  in  question  (15),  additional  tests  on  horses,  with  mix- 
tures of  carbon  tetrachlorid  and  carbon  bisulphid  were  reported.  The 
tests  indicate  that  the  mixture  is  not  a  very  useful  one.  We  may  state 
briefly  that  for  removing  the  bots  and  worms  from  the  stomach  and 
small  intestine,  carbon  bisulphid  is  the  drug  of  choice,  removing  all  bots 
and  ascarids  in  almost  all  cases  when  given  in  doses  of  6  drams  in  hard 
capsules  to  animals  properly  fasted.  In  our  opinion  it  will  probably 
kill  specimens  of  Habronema  not  protected  by  the  mucosa  or  in  some 
other  manner.  For  the  removal  of  worms  from  the  large  intestine, 
chenopodium  is  the  drug  of  choice,  removing  practically  all  Strongylus, 
cylicostomes  and  related  strongyles,  and  the  pinworms,  when  given  in 
doses  of  about  4  to  5  drams  to  animals  properly  fasted.  These  two 
drugs  supplement  each  other  in  eliminating  the  bots  and  worms  from  the 
digestive  tract  of  the  horse.  Carbon  tetrachlorid  appears  to  be  quite 
effective  in  removing  ascarids  and  Strongylus,  but  to  eliminate  practically 
all  the  gastrointestinal  parasites  noted  above  it  would  need  to  be  sup- 
plemented by  carbon  bisulphid  to  remove  the  bots  and  chenopodium  to 
remove  the  cylicostomes  and  pinworms,  whereas  carbon  bisulphid  and 
chenopodium  alone  are  sufficient.  It  does  not  therefore  appear  that  car- 
bon tetrachlorid  can  be  used  for  general  purposes  in  removing  worms 
from  horses,  though  it  might  be  the  drug  of  choice  in  some  cases  for  the 
specific  purpose  of  removing  ascarids  or  Strongylus  or  both.  It  is  the 
best  single  drug  of  the  three,  apparently,  since  it  removes  the  ascarids 
and  Strongylus  and  removes  some  bots  and  cylicostomes. 

We  have  as  yet  too  little  information  to  permit  of  definite  statements 
as  to  the  toxicity  of  carbon  tetrachlorid  for  horses.  The  horse  given 
50  cc.  weighed  about  900  pounds  (409  kilos),  the  drug  being  given  at  a 
dose  rate  of  slightly  over  0.12  cc.  per  kilo.  This  horse,  an  old  and  weak 
animal,  died  on  the  fifth  day  after  treatment  and  showed  a  number  of 
chronic  pathological  conditions  which  could  not  be  attributed  to  the  drug. 
Since  carbon  bisulphid  in  3  doses  of  3  fluid  drams  each,  a  total  of  9  fluid 
drams  or  about  35  cc,  will  occasionally  kill  old  or  weak  animals,  the  only 
warranted  assumption  is  that  carbon  tetrachlorid  is  probably  safer  than 
carbon  bisulphid,  the  lethal  dose  rate  per  kilo  being  relatively  low  for 
both  drugs  and  low  for  carbon  tetrachlorid  as  compared  with  the  lethal 
dose  rate  in  the  case  of  such  animals  as  carnivores  and  poultry. 
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TESTS  ON  SHEEP 

The  results  of  our  tests  of  carbon  tetrachlorid  on  sheep  have  been  very 
satisfactory  from  the  standpoint  of  efficacy.  In  one  series,  4  lambs, 
which  were  found  on  fecal  examination  to  have  a  moderate  infestation 
with  stomach  worms,  were  given,  respectively,  12,  18,  24,  and  48  cc.  of 
carbon  tetrachlorid,  the  drug  being  mixed  in  each  case  with  2  ounces 
of  castor  oil  and  administered  by  means  of  a  dose  syringe.  We  recovered 
9  stomach  worms  (Haemonchus  contortus)  from  the  manure  of  one,  8 
from  another,  and  2  from  a  third.  On  post-mortem  examination  all  the 
animals  were  found  to  be  entirely  free  from  stomach  worms.  This  100 
per  cent  efficacy  is  superior  to  the  results  obtained  from  the  use  of  copper- 
sulphate  solution  by  Hall  and  Foster  (i.g)  and  is  additional  evidence 
showing  the  particular  efficacy  of  this  drug  against  the  bloodsucking 
worms.  As  the  fecal  examinations  indicated  that  all  of  these  animals 
were  moderately  infested  with  stomach  worms,  the  failure  to  obtain  these 
worms  from  the  manure  of  one  animal  and  the  collection  of  such  small 
numbers  in  the  case  of  the  other  three  are  evidently  due  to  the  digestion 
of  the  worms  in  the  stomach,  as  in  the  case  of  Habronema  in  the  horse. 
The  stomach  worms  lie  among  the  laminae  of  the  abomasum  and  this, 
doubtless,  further  insures  digestion  by  holding  them  until  they  are 
digested,  except  in  the  case  of  the  worms  near  the  pylorus.  That  this  is 
true  is  evident  from  the  findings  of  Hall  and  Foster.  Following  the 
administration  of  a  1  per  cent  solution  of  copper  sulphate  to  3  sheep,  they 
recovered,  respectively,  120,  240,  and  314  stomach  worms  from  the 
manure.  Two  other  sheep  from  the  same  flock  were  given  copper 
sulphate  in  capsules;  each  passed  41  stomach  worms,  and  had,  respec- 
tively, over  4,000  and  over  6,000  of  these  worms  post  mortem.  It  seems 
quite  reasonable  to  assume  that  there  was  probably  an  average  of  5,000 
worms  originally  present  in  all  5  animals  and  that  less  than  10  per  cent 
of  the  worms  killed  by  the  copper-sulphate  solution  were  collected  from 
the  manure. 

A  second  experiment  carried  on  by  us  indicates  much  the  same  results. 
Of  3  lambs,  all  heavily  infested  as  shown  by  fecal  examination,  1  was 
held  as  a  control  and  the  other  2  were  given,  respectively,  15  and  30  cc. 
of  carbon  tetrachlorid  in  2  ounces  of  castor  oil.  Three  stomach  worms 
were  collected  from  the  manure  of  one  animal  and  no  worms  of  this  sort 
were  present  post  mortem  in  either  animal.  The  control  animal  had  612 
stomach  worms  post  mortem.  We  must  conclude  that  the  carbon 
tetrachlorid  was  100  per  cent  effective  in  removing  the  stomach  worms 
from  6  sheep  and  that  the  failure  to  obtain  worms  from  the  manure  in 
two  of  these  cases  is  due  to  the  digestion  of  the  worms  in  the  stomach, 
which  also  accounts  for  the  small  number  recovered  in  the  other  cases. 
It  may  be  further  said  that  stomach  worms  collected  from  the  manure 
after  treatment  are  usually  represented  only  by  small  fragments,  fre- 
quently the  portion  found  showing  the  characteristic  vulva  region  in  the 
female.  Entire  worms  are  rarely  found.  It  may  also  be  mentioned  that 
apparently  carbon  tetrachlorid  itself  has  a  destructive  action  on  hook- 
worms and  may  have  a  similar  action  on  other  worms. 

A  third  series  of  tests  on  sheep  was  conducted  as  follows : 

Sheep  No.  3316. — Weight  80  pounds  (about  36  kilos);  given  12  cc.  in 
one  No.  10  and  one  No.  12  capsule;  passed  no  worms  in  4  days;  post 
mortem,  36  small  trichostrongyles  and  6  Moniezia  sp. 
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Sheep  No.  4c. — Weight  80  pounds  (about  36  kilos) ;  given  8  ce.  in  one 
No.  1 1  capsule;  passed  59  hookworms  in  2  days  and  none  the  next  2  days; 
post  mortem,  2  CEsophagostomum  columbianum,  1  Moniezia  sp.,  and  a 
few  Gongyloncma  scutatum. 

Sheep  No.  5c. — Weight  68  pounds  (about  3 1  kilos) ;  given  4  cc.  in  one 
No.  10  capsule;  passed  40  hookworms  in  1  day  and  none  the  next  3 
days;  post  mortem,  14  Haemonchus  contortus,  1  CEsophagostomum  co- 
lumbianum, 95  small  trichostrongyles,  and  a  few  Gongyloncma  scutatum. 

Preliminary  fecal  examinations  indicated  that  all  these  sheep  were 
infested  with  stomach  worms,  and  it  is  possible  that  the  worms  present 
in  2  of  the  sheep  were  destroyed  by  the  carbon  tetrachlorid  and  digested, 
leaving  no  evidence  in  the  form  of  recognizable  fragments  in  the  manure. 
However,  it  appears  from  this  experiment  that  a  dose  of  4  cc.  of  carbon 
tetrachlorid  is  too  small  to  remove  all  stomach  worms  present  and  that 
it  is  necessary  to  use  at  least  8  cc,  and  possibly  more,  to  remove  all 
these  worms. 

In  our  first  series  of  4  sheep  no  hookworms  were  present.  In  the 
second  series  the  2  animals  treated  with  15  and  30  cc.  in  castor  oil  passed 
5  and  2  hookworms,  respectively,  and  had  none  post  mortem.  The 
control  animal  had  18  hookworms.  In  the  third  series  the  2  infested 
animals  treated  with  4  and  8  cc.  in  capsules  passed  40  and  59  hook- 
worms, respectively,  and  had  none  post  mortem.  In  view  of  the  efficacy 
displayed  by  this  drug  against  other  hookworms  and  against  blood- 
sucking strongyles  in  general,  it  seems  probable  that  the  same  complete 
efficacy  would  have  been  shown  if  large  numbers  of  hookworms  had  been 
present.  This  is  very  promising,  especially  in  view  of  the  removal  of 
all  hookworms  present  by  a  dose  as  small  as  4  cc.  In  the  experiments 
reported  by  Hall  and  Foster  (19)  the  copper-sulphate  treatment  failed 
to  remove  any  hookworms,  and  the  same  was  true  of  chloroform.  Gaso- 
line removed  only  5  per  cent  of  these  worms.  Chenopodium  removed 
66  per  cent  and  petroleum  benzine  73  per  cent.  The  chenopodium,  how- 
ever, had  an  indicated  efficacy  of  only  4  per  cent  against  stomach  worms 
and  the  petroleum  benzine  an  indicated  efficacy  of  88  per  cent  in  com- 
parison with  the  ascertained  100  per  cent  efficacy  of  carbon  tetrachlorid 
against  stomach  worms  in  doses  of  12  cc,  and  perhaps  8  cc,  and  against 
hookworms  in  doses  as  small  as  4  cc. 

In  the  first  series  of  4  sheep  the  carbon  tetrachlorid  in  doses  of  12  to 
48  cc.  removed  30  per  cent  of  the  nodular  worms  and  30  per  cent  of  the 
whipworms.  In  the  second  series  of  2  sheep  the  carbon  tetrachlorid  in 
doses  of  15  and  30  cc.  removed  90  per  cent  of  the  189  whipworms  present 
from  one  animal  and  all  of  the  12  whipworms  present  from  the  other. 
This  looks  promising.  Whipworms,  as  we  have  already  noted,  are  very 
difficult  to  remove  with  one  treatment,  but  if  sheep  will  tolerate  large 
doses  of  carbon  tetrachlorid,  this  may  furnish  us  with  a  satisfactory 
treatment  for  the  removal  of  these  worms.  In  the  second  series  of  2 
sheep  the  treatment  removed  only  3  per  cent  of  the  192  nodular  worms 
present  in  the  case  of  the  sheep  from  which  it  removed  over  90  per  cent 
of  the  whipworms.  The  drug  removed  all  of  the  12  nodular  worms 
present  in  the  other  animal.  In  the  third  series  the  drug  failed  to 
remove  any  of  the  3  nodular  worms  present  when  given  in  doses  of  4 
and  8  cc. 

In  our  first  series  of  4  sheep  we  found  that  the  carbon  tetrachlorid 
removed  82  per  cent  of  the  801  small  trichostrongyles  belonging  to  the 
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genera  Nematodirus,  Cooperia,  Ostertagia,  and  Trichostrongylus.  This  is 
a  surprisingly  good  result,  since  these  small  worms  have  been  resistant 
to  the  drugs  heretofore  tested  on  sheep.  In  the  case  of  these  worms 
and  other  small  worms,  the  principle  has  been  laid  down  and  accepted 
by  parasitologists  that  small  worms  are  more  difficult  to  remove  than 
large  ones.  Certainly  it  has  required  more  time  and  investigation  to 
find  any  treatment  whatever  for  their  removal.  That  carbon  tetra- 
chlorid  will  fail  to  remove  a  large  percentage  of  these  worms  at  times 
was  shown  in  our  second  series  of  2  sheep,  in  which  the  drug  removed 
27  per  cent  of  the  trichostrongyles  present  in  one  animal  and  removed 
only  about  3  per  cent  of  1,100  trichostrongyles  present  in  the  other 
animal.  In  this  case  the  worms  left  were  mostly  Cooperia,  Ostertagia, 
and  Trichostrongylus,  the  drug  being  apparently  most  effective  against 
the  Nematodirus  present.  This  is  of  interest,  since  Nematodirus  is 
apparently  a  bloodsucker  and  is  apparently  a  more  injurious  parasite 
in  the  case  of  sheep  than  any  of  the  other  trichostrongyles  named.  In 
the  third  series  doses  of  4  and  12  cc.  apparently  failed  to  remove  any  of 
the  121  trichostrongyles  present. 

Carbon  tetrachlorid  was  of  no  value  in  removing  tapeworms  from 
sheep,  removing  only  1  and  leaving  large  numbers.  One  sheep  had  1,149 
specimens  of  Moniezia  post  mortem.  This  agrees  with  the  findings 
in  the  case  of  dog  and  chicken  tapeworms. 

The  two  lambs  used  in  our  second  experiment  were  selected  as  the 
weakest  and  most  unthrifty  of  a  lot  of  lambs.  The  one  which  was  given 
30  cc.  of  carbon  tetrachlorid  weighed  only  about  33  pounds  (15  kilos) 
and  was  down  and  apparently  dying  the  day  we  killed  these  two  lambs. 
Whether  the  carbon  tetrachlorid  contributed  anything  to  the  bad  condi- 
tion of  the  animal  on  this  day  is  problematical.  However,  it  is  commonly 
true  that  very  sick  or  weak  animals  are  intolerant  of  anthelmintic  treat- 
ment, and  it  is  possible  that  the  drug  may  have  injured  this  one.  Such 
animals  are  practically  worthless  and  if  they  die  after  treatment,  little 
or  nothing  is  lost.  Since  most  of  the  sheep  used  in  the  tests  were  off 
feed  for  a  time  following  treatment,  it  appears  that  the  safety  factor  of 
this  drug  for  sheep  is  not  very  large.  In  this  connection  it  may  be 
recalled  that  Hall  and  Foster  (19)  found  sheep  intolerant  of  chloroform, 
one  animal  dying  after  a  dose  of  5  cc.  The  nature  of  the  ruminant 
stomach  probably  favors  rapid  absorption  of  volatile  drugs. 

TESTS  ON  CATTLE 

The  following  tests  on  cattle  were  conducted : 

Heifer  No.  1009. — Weight,  approximately  250  pounds  (approximately 
114  kilos);  dose,  100  cc.  of  carbon  tetrachlorid  in  350  cc.  of  castor  oil, 
after  fasting  36  hours.  Passed  399  stomach  worms  (Haemonchus  con- 
tortus)  during  first  2  days,  396  hookworms  {Btmostomum  phlebotomum) 
during  first  6  days,  234  nodular  worms  (Proteracrum  radiatum)  during 
first  6  days,  and  4  whipworms  (Trichuris  ovis)  during  first  3  days;  post 
mortem,  on  sixth  day,  426  hookworms  and  1  tapeworm  {Moniezia  sp.). 

Heifer  No.  1002. — Weight,  approximately  175  pounds  (approximately 
80  kilos);  dose,  100  cc.  of  carbon  tetrachlorid  in  hard  capsules,  after 
fasting  36  hours.  Passed  8  stomach  worms  and  8  nodular  worms  in 
first  2  days,  and  453  hookworms  in  first  4  days;  post  mortem,  on  fourth 
day,  4  hookworms  in  the  small  intestine  and  2  hookworms  in  the  cecum. 
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Heifer  No.  1009,  a  clinical  case  of  hookworm  disease,  was  off  feed  for 
the  period  following  treatment,  but  the  animal  was  killed  too  soon 
to  determine  whether  it  would  have  returned  to  good  condition 
and  shown  any  benefit  from  the  treatment.  Heifer  No.  1002,  also  a 
clinical  case  of  hookworm  disease,  went  down  following  the  treatment 
and  was  found  dead  the  morning  of  the  post-mortem  examination. 
Evidently  the  treatment  was  not  very  well  tolerated  by  these  animals. 
Post  mortem,  heifer  No.  1002  showed  the  following:  Some  ecchymotic 
areas  in  the  small  intestine  and  cecum  and  a  pronounced  gelatinous 
infiltration  about  the  stomach  and  large  intestine;  kidneys  and  liver 
apparently  normal;  urinary  bladder  slightly  congested  and  containing  a 
quantity  of  mucus;  hemorrhagic  areas  on  the  heart,  with  some  evidence 
of  degeneration  of  the  heart  muscle.  While  some  of  these  lesions  may 
have  been  associated  with  the  use  of  carbon  tetrachlorid,  it  is  also  true 
that  they  may  have  been  associated  with  the  hookworm  infestation. 
These  animals  were  from  a  herd  that  had  lost  a  number  of  animals  from 
hookworm  disease  and  some  of  the  lesions  are  those  associated  with  an 
anemic  condition.  The  gelatinous  infiltration  about  the  stomach  and 
large  intestine  is  a  condition  more  readily  associated  with  long-standing 
anemia  and  edema  than  with  a  toxic  action  extending  over  a  period  of 
four  days.  However,  the  safety  of  the  drug  in  the  doses  given  is  open  to 
question  under  the  circumstances  until  further  investigations  have  been 
carried  out.  From  the  findings  in  the  case  of  sheep,  it  seems  reasonable 
to  conclude  that  ruminants  will  not  tolerate  carbon  tetrachlorid  to  the 
same  extent  that  carnivores  will  and  that  the  safety  factor  is  much  smaller. 
The  doses  used  in  the  case  of  these  two  heifers  were  at  a  rate  of  approxi- 
mately 0.88  cc.  and  1.25  cc.  per  kilo,  a  very  low  rate  by  comparison  with 
that  tolerated  by  dogs. 

Dr.  W.  A.  Barnette  writes  in  a  letter  of  October  3,  1922  : 

It  seems  to  me  from  what  few  clinic  cases  I  have  tried  carbon  tetrachloride  on  that  I 
am  getting  excellent  results,  giving  to  yearlings  one-half  ounce  in  a  half  pint  of  olive 
oil,  and  to  cows  weighing  from  700  to  800  pounds  1  ounce  in  1  pint  of  olive  oil. 

Dr.  W.  K.  Lewis  writes  in  a  letter  of  October  16,  1922  : 

A  few  days  since  we  treated  19  head  of  cattle,  consisting  of  9  adults  and  10  calves 
and  yearlings,  for  stomach  worms,  using  carbon  tetrachlorid  in  capsules.  The  dosage 
for  the  adults  averaged  about  22  cc.  Within  36  hours  4  head  of  adults  were  dead,  all 
the  adult  animals  becoming  sick,  while  none  of  the  yearlings  and  calves  were  affected 
The  dosage  for  the  yearlings  and  calves  was  relatively  higher  than  for  the  adults,  one 
heifer  having  been  given  10.5  cc.  These  animals  were  kept  off  feed  for  24  hours 
before  treatment  and  were  allowed  to  graze  about  one-half  to  three-fourths  hour  after 
treatment.  They  were  taken  off  feed  again  in  about  1  hour  to  be  milked  and  again 
turned  on  feed.  One  or  two  of  the  animals  showed  some  bloating,  but  the  others 
showed  only  a  listless  appearance  until  they  would  get  down  and  appeared  to  be  in 
pain,  dying  within  a  few  hours.  There  was  no  bowel  action  from  any  of  the  cows 
that  died  and  the  survivors  were  very  slow  to  respond  to  salts. 

Post-mortem  on  one  of  the  animals  showed  considerable  food  in  the  rumen,  which 
had  a  sour  fermented  odor;  there  was  no  evidence  of  inflammation  in  the  intestinal 
organs,  only  the  entire  mesenterium  contained  a  large  amount  of  coagulated  jelly- 
like  blood  serum.  From  the  lesions  we  thought  that  we  got  a  local  anesthesia  of  the 
intestinal  tract  and  the  animals  died  from  autointoxication. 

It  is  difficult  to  account  for  the  results  obtained  in  Doctor  Lewis's 
cases.  As  a  rule,  anthelmintics  and  most  other  drugs  are  more  toxic  for 
young  animals  than  for  mature  animals,  and  this  appears  to  be  true  for 
carbon  tetrachlorid.  The  doses  used  by  Doctor  Barnette  were  larger 
than  those  used  by  Doctor  Lewis  and  were  followed  by  good  results 
clinically.     The  doses  used  by  us  were  distinctly  larger  and  the  smaller 
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animal  was  found  dead  the  morning  of  the  fourth  day  after  treatment, 
the  larger  animal  being  killed  by  us  the  sixth  day  to  conclude  the  experi- 
ment. The  results  contrast  very  strikingly  with  the  deaths  in  36  hours 
of  mature  animals  given  much  smaller  doses.  No  plausible  explanation 
occurs  to  us  in  this  connection,  but  it  is  possible  that  further  work  along 
this  line  will  throw  some  light  on  the  subject. 

As  regards  efficacy,  it  will  be  seen  that  the  drug  as  given  in  our  cases 
was  100  per  cent  effective  against  stomach  worms  in  the  case  of  both 
animals ;  48  per  cent  effective  against  hookworms  in  the  case  of  the  first 
animal  and  99  per  cent  in  the  case  of  the  second  animal,  regarding  the 
two  hookworms  found  in  the  cecum  as  removed  by  the  drug;  100  per  cent 
effective  against  nodular  worms  in  the  case  of  both  animals;  100  per  cent 
effective  against  whipworms  in  the  case  of  the  first  animal,  the  only  one 
infested;  and  o  per  cent  effective  against  tapeworms  in  the  case  of  the 
first  animal,  the  only  one  infested.  The  drug  was  therefore  extremely 
effective  in  removing  stomach  worms,  nodular  worms,  and  whipworms; 
it  removed  from  almost  half  to  almost  all  the  hookworms  present,  but  was 
of  no  value  in  removing  tapeworms.  These  results  warrant  further 
investigations  to  determine  the  actual  utility  of  this  drug  in  treating 
cattle  infested  with  stomach  worms,  nodular  worms,  hookworms,  and 
whipworms  to  determine  whether  it  can  be  given  in  a  dose  which  will  be 
effective  without  injury  to  the  animal  treated. 

TESTS  ON  MONKEYS 

In  the  experiments  on  monkeys,  carried  on  in  cooperation  with  Dr. 
G.  C.  Lake,  of  the  Public  Health  Service,  we  gave  doses  of  twice  to  five 
times  the  indicated  human  dose  of  3  cc. ,  the  latter  based  on  the  fact  that 
the  dose  for  the  adult  person  and  the  average-sized  dog  is  usually  the 
same  for  anthelmintics  and  many  other  drugs.  These  monkeys  weighed 
from  4.5  to  7.5  pounds.  All  monkeys  survived  the  dose  given,  one  of 
them  weighing  4.5  pounds  receiving  12  cc,  or  approximately  6  cc.  per 
kilo.  Taking  the  weight  of  an  average-sized  man  as  70  kilos,  and  assum- 
ing that  man  could  tolerate  this  drug  at  the  same  rate,  the  equivalent 
dose  for  the  man  would  be  about  420  cc.  At  this  rate  the  indicated 
therapeutic  dose  of  3  cc.  would  have  a  safety  factor  of  140.  While  it  is 
not  assumed  that  this  is  true,  nevertheless  it  appears  that  this  drug 
should  prove  quite  safe  for  man.  Its  complete  efficacy  against  the  blood- 
sucking worms,  hookworms  in  dogs,  Strongylus  in  horses,  and  stomach 
worms  in  sheep  indicates  that  it  will  probably  prove  equally  effective 
against  hookworms  in  man. 

The  monkeys  in  this  experiment  were  kept  under  observation  for  one 
month  and  then  were  released  from  this  experiment.  An  attempt  was 
made  to  determine  something  of  the  anthelmintic  value  of  the  drug  in 
the  case  of  monkeys,  but  owing  to  a  misunderstanding  the  attendant 
did  not  collect  the  feces  of  the  first  24  hours  after  treatment.  The  feces 
for  the  next  48  hours  contained  1  whipworm  and  34  heterakids,  appar- 
ently Subulura  distans.  The  drug  is  evidently  of  some  value  in  removing 
heterakids  from  monkeys,  but  owing  to  the  fact  that  no  post-mortem 
examination  was  made  and  the  doses  used  were  very  high,  little  can  be 
concluded  as  to  its  value. 

In  a  recent  paper,  Lake  (25)  has  published  the  results  of  some  further 
tests  on  monkeys.  He  finds  that  monkeys  weighing  2.21  to  2.63  kilos 
tolerate  12  to  16  doses  of  1,  2,  3,  and  5  cc.  each  at  intervals  of  2  to  3  days 
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for  a  period  of  30  to  41  days  and  a  total  of  16  to  66  cc.  without  any  evi- 
dence of  bad  effects,  and  that  the  two  animals  receiving  the  highest  totals, 
48  and  60  cc,  showed  no  macroscopic  or  microscopic  lesions  post  mortem 
as  a  result  of  the  treatment.  These  doses  are  10  to  40  times  greater  for 
weight  of  animals  treated  than  the  indicated  dose  of  3  cc.  for  man.  He 
concludes  that  the  toxicity  of  carbon  tetrachlorid  is  very  low  for  monkeys 
and  probably  for  man  also,  and  that  repeated  doses  would  probably  be 
well  tolerated  by  man. 

TESTS  ON  MAN 

One  of  the  writers  (16)  has  reported  a  test  in  which  he  took  3  cc.  of 
carbon  tetrachlorid  without  any  precautions  as  to  food  and  on  the  same 
day  did  a  day's  work,  including  a  post-mortem  examination  of  some  horses. 
He  smoked  more  than  usual  and  took  more  than  the  usual  amount  of 
exercise.  No  unpleasant  effects  were  experienced  and  the  only  sensa- 
tion noticed  was  a  feeling  of  warmth  in  the  stomach  during  the  first  half 
hour.  The  other  writer  (Shillinger)  has  since  made  the  same  test  with 
much  the  same  result,  except  that  the  drug  could  be  tasted  at  intervals 
for  several  hours  and  there  was  a  slight  transient  dizziness.  Both  of 
these  effects  were  perhaps  associated  with  a  slight  condition  of  indiges- 
tion already  present  when  the  drug  was  taken.  Dr.  Karl  Hanson,  of  the 
Biological  Survey,  has  also  taken  a  similar  dose  without  bad  effects. 
We  are  informed  by  Dr.  E.  Encisco  that  the  drug  was  tried  on  human 
patients  in  Bogota,  Colombia,  for  whipworms  about  four  years  ago  and 
then  abandoned,  since  it  was  not  satisfactory  for  removing  these  worms. 
As  we  have  noted,  whipworms  are  difficult  to  remove,  owing  to  their 
location.  They  constitute,  therefore,  a  decidedly  unsatisfactory  test 
object  for  anthelmintic  efficacy  in  general.  Doctor  Encisco  did  not 
recall  the  dose  used.  At  the  present  time  this  drug  is  being  tested  in 
human  medicine  for  the  removal  of  hookworms  on  the  basis  of  the  findings 
in  the  case  of  the  dog  hookworm.  If  it  proves  equally  effective  and  safe, 
its  obvious  advantages  may  make  it  the  drug  of  choice  for  removing  these 
worms  from  man. 

An  editorial  in  the  Lancet,  London,  for  February  25,  1922,4  reports 
that  the  administration  of  a  single  dose  of  carbon  tetrachlorid  to  natives 
of  the  island  of  Fiji  resulted  in  the  removal  of  98  per  cent  of  the  hook- 
worms present.  In  Nature  for  May  27,  1922, 5  there  is  a  statement  as 
follows:  "A  telegram  has  been  received  from  Fiji  reporting  the  successful 
treatment  of  more  than  12,000  hookworm  cases  by  carbon  tetrachloride 
with  90  per  cent  of  cures  with  one  dose,  and  the  removal  of  98  per  cent 
of  the  worms." 

Leach  (26)  has  a  detailed  report  of  the  treatment  with  carbon  tetra- 
chlorid of  14  persons,  13  of  whom  were  infested  with  hookworms,  in 
Ceylon.  Previously,  some  of  these  patients  had  been  given  two  treat- 
ments with  betanaphthol,  totaling  no  grains  (7  gm.),  with  the  removal 
of  an  average  of  8  hookworms  per  patient.  Carbon  tetrachlorid  removed 
an  average  of  58.7  hookworms  per  patient,  this  drug  being  given  in  doses 
of  3  cc.  to  3  patients,  4  cc.  to  8  patients,  5  cc.  to  1  patient,  and  10  cc.  to  1 
patient.  The  patient  receiving  10  cc.  was  given  2  cc.  more  15  days  later. 
This  man  was  a  prisoner  condemned  to  be  hanged.  He  passed  55  hook- 
worms, 4  ascarids,  and  67  pinworms.  On  post-mortem  examination  the 
digestive  tract  contained  no  hookworms  or  ascarids  but  had  3,492  pin- 

4  carbon  tetrachloride  in  ankylostomiasis.     In  Lancet,  v.  202,  p.  391.     1922. 

6  TREATMENT  OK  HOOKWORM  CASES  BY  TETRACHLORIDE.     In  Nature,  V.  109,  p.  688.      1923. 
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worms  and  32  whipworms.  The  spleen,  liver,  and  kidneys  were  appar- 
ently normal.  All  the  patients  were  negative  for  hookworms  on  fecal 
examination  3  weeks  after  treatment.  The  drug  was  given  without 
purgation  and  had  a  marked  cathartic  action,  the  bowels  moving  in  most 
cases  in  3  to  5  hours  after  treatment.  Urine  examinations  were  made 
in  two  cases  before  and  after  treatment  and  showed  no  alterations  as  a 
result  of  the  treatment.  The  pulse  and  the  diastolic  and  systolic  blood 
pressure  were  noted  before  and  after  treatment  and  showed  that  the  heart 
action  was  practically  undisturbed.  The  patients  experienced  only 
slight  giddiness  and  a  sensation  of  weight  in  the  stomach  for  the  most 
part.  One  patient  had  diplopia  and  nausea.  The  patient  receiving  10 
cc.  complained  of  giddiness,  nausea,  and  drowsiness,  but  after  sleeping  4 
hours  the  nausea  disappeared  and  the  giddiness  diminished. 

Owing  to  a  lack  of  capsules,  the  drug  was  given  in  20  cc.  of  water, 
which  might  account,  in  our  opinion,  for  some  symptoms  as  a  result  of 
inhalation.  The  ineffectiveness  of  the  drug  against  pinworms  and  whip- 
worms might  also  be  correlated  to  some  extent  with  the  fact  that  the 
patients  were  allowed  food  immediately  after  treatment.  In  our  opinion 
this  might  lower  the  efficacy  of  the  drug. 

Nicholls  and  Hampton  (28)  have  given  a  further  report  on  the  tests  of 
the  drug  in  Ceylon.  They  report  its  administration  to  20  students,  18 
to  25  years  old,  in  an  agricultural  school,  3  cc.  being  given  without  sub- 
sequent purgation.  They  state  that  the  students  carried  out  the  regular 
program  of  the  day  without  restrictions  and  that — 

Not  one  of  them  was  inconvenienced  by  the  drug,  and  they  all  continued  their 
day's  work  in  the  gardens  or  at  the  school  house. 

Microscopic  examination  of  the  feces  10  days  later  showed  hookworm 
eggs  in  the  feces  of  only  2  students,  and  the  group  passed  an  average  of 
36  hookworms  each,  together  with  a  total  of  13  ascarids.  The  drug  was 
then  given  to  64  students  from  7  to  17  years  old,  in  quantities  of  1  to  3 
cc,  food  being  allowed  an  hour  later.     These  writers  say: 

One  12-year-old  boy  vomited  when  he  had  finished  his  meal,  but  the  manager 
informed  us  that  this  child  often  vomited.  .  .  .  The  drug  acted  as  a  mild 
aperient.  The  patients  passed  an  average  of  43.3  hookworms  and  a  total  of  260  asca- 
rids, 15  whipworms,  and  4,945  pinworms.  .  .  .  The  discharge  of  Trichuris  and 
Oxyuris  indicates  that  the  drug  acts  throughout  the  intestinal  tract,  for  we  have  not 
previously  seen  Trichuris  expelled  after  the  use  of  other  anthelmintic  drugs,  or  Oxy- 
uris vermicularis  expelled  in  such  large  numbers. 

Ten  days  after  treatment  fecal  examinations  of  54  of  these  students 
showed  hookworm  eggs  in  6  cases. 

The  drug  was  given  to  four  children  3  to  6  years  old,  previously  treated 
once  or  oftener  with  chenopodium,  removing  9,  35,  52,  and  52  hook- 
worms. It  was  given  to  five  children  4  to  9  years  old,  of  whom  one  had 
malaria,  one  an  enteric  disorder,  and  three  a  pyrexia  of  unknown  origin 
continuous  in  two  cases  and  irregular  in  one  case.  These  children  passed 
from  6  to  167  hookworms  each  and  were  in  no  way  inconvenienced  by 
the  treatment. 

These  writers  state : 

The  drug  may  be  administered  safely  in  doses  of  10  to  20  minims  to  children  of  3 
and  4  years  of  age,  even  when  they  are  seriously  ill  from  various  cases.  It  aids  the 
expulsion  of  Ascaris  lumbricoides  if  it  is  followed  by  a  purgative,  but  it  is  not  as  effec- 
tive as  chenopodium  in  killing  this  worm.  The  drug  does  not  seriously  deteriorate 
on  keeping.  Many  children  were  given  doses  of  carbon  tetrachloride  which  had  been 
stored  in  the  laboratory  for  3  years.  It  is  more  valuable  than  chenopodium  for  cam- 
paigns against  hookworm  disease  because  (a)  patients  do  not  object  to  its  taste;  (b)  it 
is  not  necessary  to  precede  or  follow  the  administration  of  it  by  a  purge ;  (c)  it  is  much 
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more  efficient  than  chenopodium  and  has  not  the  depressing  effects  of  that  drug;  (d)  it 
is  much  cheaper  than  any  drug  that  has  been  used;  (e)  it  can  be  prepared  in  a  high 
degree  of  purity,  and  a  chemically  pure  preparation  should  always  be  used;  (f)  the 
person  who  is  being  treated  can  do  his  usual  day's  work.  Children  when  1  year  of 
age  may  be  given  10  minims  of  carbon  tetrachloride  with  safety,  and  this  dose  should 
be  increased  by  2  minims  for  each  year  of  apparent  age.  Thus  a  child  of  10  would 
receive  28  minims,  a  youth  of  16,  40  minims  (2.5  cc),  and  an  adult  dose  should  be 
from  50  to  80  minims  (3  to  5  cc),  according  to  the  size  of  the  patient. 

These  authors  report  a  second  case  of  a  prisoner  treated  with  carbon 
tetrachlorid  and  then  executed.  This  man  was  given  6  oc.  on  one  occa- 
sion and  a  similar  dose  13  days  later.  A  week  later  the  man  was  exe- 
cuted and  found  to  have  no  ascarids  or  hookworms  on  post-mortem 
examination ;  they  state  that  4  ascarids  were  passed  after  the  first  treat- 
ment. The  organs  showed  no  degeneration  on  microscopic  examina- 
tion. Hampton  (22)  refers  to  these  same  prisoners  and  notes  that  in  the 
second  case  1  whipworm  and  8  pinworms  were  found  post  mortem. 
With  reference  to  the  20  students  referred  to  by  Nicholls  and  Hampton 
(28),  he  states  that  13  reported  a  slight  headache  and  giddiness,  4  claimed 
that  they  felt  burning  or  rather  tingling  sensations  in  the  body,  and  4 
had  no  symptoms  whatever.  '< Hampton  states :  ;.., 

"  All  admitted  that  the  symptoms  they  felt  were  too  slight  to  mention.  Two  of  those 
treated  had  previously  taken  chenopodium  and  1  had  taken  thymol;  all  3  stated  that 
they  preferred  to  take  carbon  tetrachloride.  The  head  master  stated  that  in  his 
opinion  the  students  were  not  inconvenienced  at  all  by  taking  the  treatment.  He 
had  seen  2  previous  classes  take  chenopodium  and  found  that  they  suffered  consid- 
erable inconvenience  at  the  time. 

As  regards  cost,  he  says  that  chenopodium  costs  30  shillings  a  pound  and 
is  given  in  a  dose  of  1.5  cc,  followed  by  magnesium  sulphate;  carbon 
tetrachlorid  costs  3  shillings  a  pound  and  is  given  in  a  dose  of  3  cc.  with- 
out a  purgative.  As  regards  efficacy,  he  states  that  "One  1.5  cc.  dose 
of  oil  of  chenopodium  gives  microscopical  cures  in  from  30  to  50  per 
cent  of  the  patients  treated,  while  one  3  cc.  dose  of  carbon  tetrachloride 
gives  microscopical  cures  in  90  per  cent  of  the  cases  treated." 

McVail  (27),  according  to  a  review,  has  given  children,  aged  12,1  dram 
(3.75  cc.)  of  carbon  tetrachlorid  on  2  successive  days  without  ill  effects. 
A  dose  of  1  dram  to  a  very  old  man  was  followed  by  irregularity  of  the 
pulse  and  slurring  speech.  The  largest  dose  he  gave  an  adult  was  70 
minims  (about  4.35  cc.)  on  2  successive  days.  He  reports  that  the  drug 
is  a  soporific,  and  that  at  a  leper  asylum  5 1  patients  were  given  a  dose  of 
1  fluid  dram  each  one  evening,  and  states — 

and  all  slept  so  soundly  that  a  burglar  was  able  to  remove  the  contents  of  the  rice 
godown  during  the  night.  ...  It  does  not  appear  to  aggravate  albuminaria  and 
may  be  given  with  confidence  in  cases  of  kala-azar  complicated  with  ancylostomiasis 
during  the  remissions  of  temperature,  though  kala-azar  cases  stand  chenopodium 
badly.  Carbon  tetrachlorid  is  of  little  value  against  Ascaris,  Trichuris,  and  Hymen- 
olepis  nana.  On  the  other  hand,  this  drug  appears  to  be  almost  specific  for  thread- 
worms [pinworms].  In  13  cases  Oxyuris  worms  were  found  in  the  stools  after  a  single 
treatment  with  carbon  tetrachlorid,  and  in  4  cases  after  double  treatment,  though 
Oxyuris  ova  had  been  found  during  the  previous  microscopic  examination  only  in  3 
cases  out  of  the  17.  [It  is  exceptional  to  find  eggs  in  the  feces  in  human  infestations 
with  pinworms,  as  the  gravid  female  migrates  to  the  rectum  and  passes  out  with  the 
eggs  stored  in  the  uterus.] 

The  above  report  in  regard  to  the  efficacy  of  carbon  tetrachlorid  in 
removing  pinworms  from  man  should  be  correlated  with  the  findings  of 
Nicholls  and  Hampton  {28),  who  report  the  passage  of  4,945  pinworms 
by  a  group  of  64  students,  an  average  of  77  worms  each,  assuming  that 
all  were  infested,  and  with  the  findings  of  Leach  (26),  who  reports  the 
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passage  by  a  prisoner  of  67  pinworms  and  the  presence  post  mortem  of 
3,492  pinworms.  The  findings  in  Leach's  case,  where  a  relatively  large 
dose,  10  cc.  followed  later  by  2  cc,  had  been  given,  suggest  that  carbon 
tetrachlorid  does  not  have  a  dependable  high  efficacy  against  the  human 
pinworm,  although  it  will  remove  some  of  the  worms  present  in  many 
cases. 

One  of  the  writers  (Hall)  has  taken  carbon  tetrachlorid  twice  since  the 
test  reported  by  him  (16).  On  that  occasion  the  drug  was  taken  in 
hard  capsules.  In  a  second  test  it  was  taken  in  a  soft  gelatine  capsule  to 
determine  the  apparent  time  in  which  such  capsules  open  in  the  stomach. 
The  capsule  contained  1.5  cc.  of  carbon  tetrachlorid  and  was  from  a  lot 
that  was  probably  6  months  old  at  the  time  this  was  taken.  The  capsule 
was  taken  2  hours  after  breakfast,  and  20  minutes  later  a  slight  sensation 
of  dizziness  and  of  discomfort  at  the  stomach  was  noticed,  the  sensation 
passing  away  in  the  course  of  a  minute.  No  further  sensations  were 
noticed,  although  no  precautions  were  taken  in  regard  to  food,  smoking, 
or  exercise.  This  suggests  that  soft  capsules  will  open  in  the  stomach  in 
the  course  of  a  half  hour.  However,  the  tests  of  this  drug  and  of  choloro- 
form,  as  administered  in  soft  capsules  to  dogs,  point  to  a  certain  loss  of 
efficacy  against  hookworms  where  soft  capsules  are  used. 

»Since  the  reports  on  the  administration  of  the  drug  show  that  it  is 
being  given  in  water,  with  which  this  drug  does  not  mix,  a  third  test  was 
made  in  which  3  cc.  of  the  drug  was  taken  in  30  cc.  of  milk.  Carbon 
tetrachlorid  being  a  fat  solvent  mixes  somewhat  better  with  milk  than 
with  water,  but  the  drug  is  nevertheless  left  at  the  bottom  of  the  milk. 
The  mixture  was  not  unpleasant  to  take,  but  left  a  somewhat  unpleasant 
taste  in  the  mouth.  In  a  half  hour  a  sensation  of  lightheadedness  and 
drowsiness  came  on  and  this  persisted  to  some  extent  for  the  next  5  hours. 
The  effects  were  more  noticeable  than  in  the  previous  tests,  and  the  odor 
of  the  drug  could  be  detected  in  eructations  for  several  hours.  At  the 
end  of  5%  hours  vomition  occurred,  and  after  drinking  some  coffee  this 
occurred  a  second  time  6%  hours  after  taking  the  drug.  The  food  eaten 
an  hour  after  treatment  was  digested,  but  some  carbon  tetrachlorid 
evidently  remained  in  the  stomach,  causing  nausea  by  slow  absorption. 
Since  fats  and  oils,  especially  such  bland  oils  as  olive  oil,  tend  to  remain 
for  long  periods  in  the  stomach,  as  Asnis  has  noted  for  olive  oil,  it  might 
be  assumed  that  fats  and  oils  tend  to  hold  carbon  tetrachlorid  in  the 
stomach  and  that  such  substances  are  contraindicated  in  connection 
with  the  use  of  this  drug.  The  experiments  on  cats  to  ascertain  the  effect 
of  fats  and  oils  on  the  absorption  of  carbon  tetrachlorid,  as  already  re- 
ported in  this  paper,  did  not  confirm  the  idea  that  these  substances 
increased  the  toxicity  of  carbon  tetrachlorid.  However,  this  point 
should  be  kept  in  mind  by  those  using  the  drug,  as  a  matter  on  which 
information  is  needed.  It  might  be  of  interest  to  note  that  the  experi- 
menter was  the  subject  of  a  Mayo  short-loop  posterior  gastrojejunostomy 
from  11  to  12  years  previous  to  the  time  these  tests  were  made. 

One  of  the  writers  (Shillinger)  on  another  occasion  took  2  hard  gelatine 
capsules  each  containing  1.5  cc.  of  carbon  tetrachlorid  directly  after  the 
midday  meal.  There  was  the  same  sensation  of  dizziness  that  was  felt 
when  the  drug  was  taken  by  him  several  weeks  previously,  one-half 
hour  before  eating  at  midday,  and  the  drowsiness,  as  experienced  by 
Hall,  was  noticed.  There  was  no  particularly  disagreeable  sensation  of 
irritation  or  discomfort  but  rather  a  desire  to  rest  or  sleep,  which  persisted 
in  mild  form  for  about  3  hours. 
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SUMMARY 

Carbon  tetrachlorid  has  a  pronounced  selective  action  on  bloodsucking 
worms,  as  shown  by  its  high  efficacy  against  hookworms  in  dogs,  foxes, 
cats,  sheep,  and  cattle,  Strongylus  in  the  horse,  stomach  worms  in  sheep 
and  cattle,  and  Nematodirus  in  sheep. 

It  has  a  high  efficacy  against  ascarids  in  dogs,  cats,  foxes,  swine,  and 
horses,  being  less  effective,  apparently,  than  chenopodium  against 
ascarids  in  swine  and  more  effective  against  ascarids  in  horses.  It  is 
less  effective  than  chenopodium  against  ascarids  in  man,  but  its  approxi- 
mate efficacy  for  the  doses  used  can  not  be  stated  at  present. 

It  is  not  effective  in  removing  pinworms  from  horses,  but  evidently 
has  some  efficacy  against  the  related  heterakids  of  monkeys  and  of  birds. 
It  will  remove  some  pinworms  from  man  in  many  cases,  but  its  approxi- 
mate efficacy  can  not  yet  be  stated. 

It  is  inferior  to  chenopodium  for  removing  cylicostomes  from  horses, 
but  is  much  superior  to  any  drug  yet  tested  for  removing  small  tricho- 
strongyles  from  sheep.  It  will  remove  some  nodular  worms  from  sheep 
but  it  exhibits  a  variable  efficacy  in  this  connection,  removing  none  in  2 
cases,  3  per  cent  in  1  case,  64  per  cent  in  1  case,  and  100  per  cent  in  1 
case.  In  the  large  doses  used  on  cattle  it  removed  all  the  nodular  worms 
present. 

In  view  of  the  results  obtained  and  the  apparent  tolerance  for  large 
doses  of  this  drug  which  some  species  of  animals  show,  it  may  prove  pos- 
sible to  remove  whipworms  from  some  species  of  animals  with  this  drug 
by  giving  doses  so  large  that  their  bulk  will  in  most  cases  insure  the 
entrance  of  this  drug  into  the  cecum.  One  hundred  per  cent  efficacy 
was  obtained  in  some  cases  in  removing  whipworms  from  dogs,  sheep, 
and  cattle. 

Carbon  tetrachlorid  is  inferior  to  carbon  bisulphid  for  the  removal  of 
bots,  but  is  superior  to  any  drug  other  than  this  which  has  been  tested 
against  bots. 

Carbon  tetrachlorid  is  not  of  value  in  removing  tapeworms  from 
chickens,  dogs,  sheep,  cattle,  or  man,  and  will  probably  be  of  little  value 
against  tapeworms  in  any  animals.  We  have  seen  a  report  in  an 
Italian  newspaper  to  the  effect  that  this  drug  is  specifically  valuable  in 
removing  Tama  solium,  but  the  report  is  evidently  based  on  the  reviewer's 
belief  that  the  hookworm  is  the  armed  tapeworm. 

Its  value  in  removing  spirurids  and  Capillaria  from  chickens  is  prob- 
lematical and  requires  further  investigation. 

Carbon  tetrachlorid  has  not  been  tested  on  such  forms  as  the  common 
liver  fluke  (Fasciola  hepatica).  Floris  (7)  has  reported  carbon  bisulphid 
as  of  value  against  these  flukes.  His  work  has  not  been  followed  up  by 
other  workers,  however,  and  more  information  is  needed  in  regard  to 
this.  If  carbon  bisulphid  is  effective,  carbon  tetrachlorid  might  also 
prove  effective.  Jeffreys  (24),  as  already  noted,  states  that  carbon 
tetrachlorid  is  100  per  cent  effective  in  removing  intestinal  flukes  from 
foxes.  He  does  not  report  his  experiments  and  we  have  had  no  oppor- 
tunity to  make  tests  along  this  line. 

Many  patients  report  no  symptoms  following  the  oral  administration 
of  carbon  tetrachlorid  in  therapeutic  dose.  Of  the  symptoms  reported 
the  most  common  appear  to  be  a  transient  dizziness,  slight  headache, 
and  a  sensation  of  weight,  warmth,  or  slight  discomfort  at  the  stomach. 
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Other  symptoms  which  are  sometimes  manifested  are  tingling  or  burning 
sensations  and  drowsiness.  Rarely,  usually  following  the  administration 
of  rather  high  doses,  the  drug  may  cause  nausea,  vomition,  irregularity 
of  pulse,  and  slurring  speech. 

CONCLUSIONS 

Carbon  tetrachlorid  is  an  effective  drug  in  removing  certain  worms. 
It  is  especially  valuable  for  removing  bloodsucking  strongyles.  It  has  a 
rather  high  efficacy  against  ascarids  in  certain  species  of  host  animals. 
It  may  prove  of  value  in  removing  whipworms  from  some  kinds  of 
animals  if  experience  bears  out  the  existing  findings  to  the  effect  that 
large  doses  of  the  drug  may  be  safely  tolerated,  making  it  possible  to 
insure  the  entry  of  the  drug  into  the  cecum.  It  has  some  efficacy 
against  heterakids  in  the  large  and  small  intestines. 

Enough  evidence  has  accumulated  in  the  published  literature  and  in 
our  experiments  to  warrant  the  statement  that  the  efficacy  of  a  drug 
against  worms  in  the  stomach  can  not  be  accurately  ascertained  by  the 
technic  employed  by  us,  owing  to  the  tligestion  of  the  dead  worms  in 
the  stomach.  It  is  evident  that  carbon  tetrachlorid  and  some  other 
drugs  are  highly  effective  against  certain  species  of  worms  occurring  in 
the  lumen  of  the  stomach,  more  effective  than  the  evidence  in  worms 
passed  indicates. 

Carbon  tetrachlorid  when  taken  by  mouth,  and  the  inhalation  of  the 
drug  avoided,  appears  to  be  an  uncommonly  safe  drug,  for  most  of  the 
species  of  animals  tested.  It  appears  that  the  danger  from  inhalation 
is  greater  for  carnivores  than  for  man.  It  has  in  most  instances  a 
large  safety  factor  for  the  therapeutic  dose  necessary  to  remove  approxi- 
mately ioo  per  cent  of  a  number  of  important  species  of  worm  para- 
sites. This  drug  has  the  advantage  of  being  a  very  simple  compound, 
which  can  be  easily  tested  chemically  to  determine  its  purity,  and  a 
chemically  pure  product  can  be  purchased  at  practically  any  drug 
store  in  civilized  countries. 

Carbon  tetrachlorid  has  the  additional  advantage  of  being  cheap. 
It  is  much  cheaper  than  chenopodium  or  thymol,  though  not  so  cheap 
as  the  copper-sulphate  solution  for  removing  stomach  worms  from  sheep. 
Its  ioo  per  cent  efficacy  would  appear  to  warrant  further  investigations 
as  to  its  use  against  stomach  worms  of  sheep,  since  the  worms  left  by 
the  copper-sulphate  solution  serve  to  maintain  the  infestation  on  pastures. 
Its  value  in  this  connection  should  also  be  weighed  against  that  of  the 
tobacco-copper-sulphate  solution  which  Guberlet  (8)  finds  superior  to 
the  copper-sulphate  solution  without  tobacco. 

On  a  comparison  of  doses  of  carbon  tetrachlorid  based  on  weight  of 
animal,  the  tolerance  of  the  drug  by  the  various  species  of  animals  used 
is  about  as  follows:  Chickens  will  tolerate  20  cc.  per  kilo,  the  minimum 
lethal  dose  not  being  ascertained,  from  which  we  may  surmise  that 
birds  will  prove  very  tolerant  of  this  drug.  Turkeys  tolerate  doses  of 
1  cc.  per  kilo,  and  we  may  assume  from  the  results  with  chickens  that 
they  will  tolerate  much  higher  doses.  Dogs  will  tolerate  16  cc.  per 
kilo,  the  minimum  lethal  dose  not  being  ascertained.  Cats  will  tolerate 
8  cc.  per  kilo,  but  some  animals  are  killed  by  approximately  9  cc.  per 
kilo.  Foxes  tolerate  2.7  cc.  per  kilo  administered  in  a  drench,  and  we 
may  surmise  that  carnivores  in  general  will  prove  very  tolerant  of  this 
drug.  Rabbits  will  tolerate  5  cc.  per  kilo,  the  minimum  lethal  dose 
apparently  being  close  to  10  cc.  per  kilo,  from  which  it  appears  that 
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rabbits,  and  probably  the  closely  related  group  of  rodents,  will  tolerate 
relatively  large  doses,  but  are  not  so  tolerant  as  birds  and  some  carni- 
vores. Monkeys  will  tolerate  6  cc.  per  kilo,  the  minimum  lethal  dose 
not  being  ascertained,  and  are  therefore  probably  about  as  tolerant  of 
the  drug  as  rabbits.  Adult  swine  will  tolerate  1.66  cc.  per  kilo,  but  the 
tolerance  is  less  for  young  animals,  and  swine  are  evidently  less  tolerant 
of  carbon  tetrachlorid  than  are  the  animals  already  referred  to.  The 
fact  that  swine  are  not  more  tolerant  may  be  correlated  with  the  common 
occurrence  of  hepatic  cirrhosis  in  swine  and  the  effect  of  the  drug  on 
the  liver.  Sheep  will  tolerate  1.3  cc.  per  kilo,  but  the  minimum  lethal 
dose  may  be  about  2  cc.  per  kilo.  Young  cattle  will  tolerate  0.88  cc. 
per  kilo,  with  an  indicated  minimum  lethal  dose  of  about  1.25  cc.  per 
kilo.  From  the  foregoing  we  may  conclude  that  ruminants  are  less 
tolerant  of  this  drug  than  are  birds,  carnivores,  rabbits,  monkeys,  or 
swine,  this  decreased  tolerance  apparently  agreeing  with  the  ascertained 
diminished  tolerance  of  ruminants  for  such  volatile  drugs  as  chloroform 
and  probably  being  associated  with  the  presence  of  the  four  stomach 
divisions  of  ruminants  with  a  resultant  rapid  absorption  of  volatile 
drugs.  The  tolerance  of  approximately  normal  horses  for  carbon 
tetrachlorid  is  yet  to  be  ascertained,  since  the  animal  which  died  5  days 
after  a  dose  of  0.12  cc.  per  kilo  was  an  old,  weak  animal  with  pronounced 
lesions  of  a  chronic  nature. 
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STRUCTURE,  PHYSICAL  CHARACTERISTICS,  AND  COM- 
POSITION OF  THE  PERICARP  AND  INTEGUMENT 
OF  JOHNSON  GRASS  SEED  IN  RELATION  TO  ITS 
PHYSIOLOGY  » 

By  George  T.  Harrington,  formerly  Scientific  Assistant,  Seed-T.esting  Laboratories, 
and  William  Crocker,  formerly  Plant  Physiologist,  Drug  Plant,  Poisonous  Plant, 
Physiological  and  Fermentation  Investigations,  Bureau  of  Plant  Industry,  United 
Slata  Department  of  Agriculture. 

INTRODUCTION 

These  investigations  were  undertaken  in  hope  of  explaining  some  fea- 
tures of  the  behavior  of  Johnson  grass  seeds  during  their  initial  dormancy, 
their  period  of  after-ripening,  and  their  germination.  As  has  been  shown 
elsewhere  (15)  ,2  Johnson  grass  seeds  belong  to  that  group  whose  well- 
matured  embryos  are  never  appreciably  dormant,  the  dormancy  of  the 
intact  fruit  being  imposed  by  its  outer,  nonliving  structures.  These 
include  (1)  the  closely  adhering,  hard,  brittle  scales,  (2)  the  fused  pericarp 
and  inner  integument.  Removal  of  the  former  hastens  the  germination 
and  increases  the  germination  capacity  of  the  caryopses,  whether  these 
are  freshly  gathered,  are  fully  after-ripened,  or  are  in  process  of  after- 
ripening,  but  does  not  appreciably  affect  the  rate  of  after-ripening. 
Furthermore,  removal  of  the  fused  pericarp  and  integument  by  corrosion 
with  concentrated  sulphuric  acid  or  even  its  removal  over  one  side  of  the 
embryo  by  means  of  a  sharp  needle  induces  the  complete  germination 
within  three  or  four  days  even  of  freshly  gathered  grains  which,  without 
such  treatment,  would  scarcely  germinate  at  all  in  weeks  or  months. 

It  has  also  been  shown  (15,  16)  that  the  germination  of  Johnson  grass 
seeds  is  highly  dependent  upon  the  maintenance  of  alternating  temper- 
atures, that  this  sensitiveness  to  temperature  conditions  disappears  upon 
the  removal  of  the  seed  coverings,  and  that  certain  chemical  substances 
exert  a  stimulating  action  upon  their  germination,  particularly  after  the 
removal  of  the  caryopses  from  the  inclosing  scales.  These  facts  suggested 
that  a  study  of  the  physical  and  chemical  characteristics  of  the  seeds,  and 
especially  of  their  pericarps  and  integuments,  might  help  to  explain  their 
physiological  behavior. 

In  marked  contrast  to  the  dormancy  and  germination  physiology  of 
Johnson  grass  seeds,  Sudan  grass  seeds  germinate  very  readily  at  ordinary 
temperatures,  constant  or  alternating,  without  the  lapse  of  any  consid- 
erable period  of  after-ripening,  and  without  any  special  preliminary 
treatment.  Sudan  grass  seed  has  therefore  been  used  for  comparison 
with  Johnson  grass  seed  in  the  studies  herein  reported.  The  greater  part 
of  the  work  was  done  in  the  Hull  Botanical  Laboratory  of  the  University 
of  Chicago,  and  the  remainder  in  the  Seed-Testing  Laboratories  of  the 
United  States  Department  of  Agriculture  in  Washington. 

Both  Johnson  grass  and  Sudan  grass  have  been  described  under  several 
different  names,  and  they  have  frequently  been  assigned  to  different 
species.     Mr.  A.  S.  Hitchcock  considers  Johnson  grass  as  Holcus  halepensis 
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L.  (Sorghum  halepensis  Pois)  and  Sudan  grass  as  subspecies  of  the  same, 
which  he  calls  Holcus  halepensis  sudanensis  (Piper)  Hitchcock  (Andro- 
pogon  halepensis  sudanensis  Piper) .  The  very  close  taxononiic  relation- 
ship of  the  two  forms  increases  the  interest  which  attaches  to  the  marked 
physiological  differences  between  their  seeds. 

STRUCTURE  OF  THE  FRUITS  AND  CARYOPSES  OF  JOHNSON  GRASS 

I.   EXTERNAL,   APPEARANCE 

Oakley  (25),  Vinall  (30),  and  Youngblood  and  Conner  (32)  discussed 
the  external  appearance  of  the  fruits  of  Johnson  grass  in  comparison  with 
those  of  Sudan  grass.  Hillman  (17)  later  described  in  detail  the  fruits  of 
these  two  kinds  of  grass,  both  with  the  scales  on  and  with  the  scales 
removed. 

Figure  I,  adapted  from  figure  4  in  Hillman's  paper,  shows  the  external 
characters  of  the  fruit  of  Johnson  grass.  The  unhulled  fruit  or  spikelet 
(A)  is  about  0.2  inch  long  and  a  little  less  than  one-half  as  wide  as  long. 
It  bears  at  its  proximal  end  a  smooth  regular  scar  (a) .  The  caryopsis  (B) 
with  its  hyaline  lemma  is  inclosed  in  two,  straw-colored  to  black  overlap- 
ping scales,  the  glumes.  The  outer  scale,  or  lower  glume,  is  convex  and 
spear-shaped  (A,  I). 


Fig.  i.— Johnson  grass  spikelets  and  caryopses:  A,  Unhulled  spikelets,  showing  convex  outer  surface  at 
I  and  flat  inner  surface  at  II;  B,  caryopses,  showing  scar  of  the  spikelet  (a),  appendages  of  the  spikelet 
(b,  b) ,  upper  glume  (c) ,  overturned  edge  of  the  lower  glume  (d) ,  broken  ends  of  the  glumes  (e) ,  depressed 
area  where  the  pericarp  extends  over  the  hilum  (f),  scar  of  the  caryopsis  (g),  and  embryo  (h) 

The  inner  scale,  or  upper  glume  (c),  is  nearly  flat,  but  slightly  keeled.  Its 
outer  edge  is  inclosed  by  the  overturned  edge  of  the  outer  scale  (d).  The 
flattened  inner  side  of  the  unhulled  fruit  usually  bears  two  appendages,  a 
rachis  segment  and  the  pedicel  of  a  sterile  spikelet  (b,  b).  The  distal 
ends  of  the  glumes  frequently  are  jaggedly  broken  (e)  in  many  of  the 
fruits  of  commercial  lots.  We  have  found  that  sufficient  rubbing  to 
cause  a  large  amount  of  such  breakage  or  even  the  very  careful  cutting 
away  of  the  distal  half  of  the  glumes  increases  the  germination  of  dormant 
lots  even  if  none  of  the  caryopses  are  removed  from  the  scales. 

The  caryopsis  (fig.  1,  B)  is  about  three-fourths  as  long  as  the  unhulled 
fruit,  oval  or  oval-elliptical  in  shape,  dark  reddish  brown  in  color.  The 
side  of  the  caryopsis  which  was  next  to  the  outer  scale  is  nearly  flat  and 
bears  at  its  proximal  end  a  small,  roundish,  very  dark,  and  somewhat 
depressed  area  (f)  where  the  pericarp  extends  across  the  hilum.  At  the 
extreme  proximal  end  is  the  scar  of  the  caryopsis  (g).  The  side  which 
was  next  to  the  inner  scale  is  somewhat  convex.  At  its  proximal  end  is 
located  the  fairly  large  embryo  (h),  the  position  of  which  is  clearly 
marked  by  a  somewhat  lighter  color  than  that  of  the  rest  of  the  caryopses. 
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II.    INTERNAL    STRUCTURE    OF   THE   CARYOPSIS 

A  large  number  of  botanists  have  investigated  the  embryos  of  various 
grasses.  Several  of  these,  among  whom  are  Bruns  (8),  Pammel  (26), 
Guerin  (14),  Kennedy  (19),  and  Sargant  and  Arber  (27),  have  described 
the  embryos  and  other  organs  of  the  earyopses  of  species  of  Andropogon, 
Sorghum,  and  other  species  of  the  tribe  Andropogoneae. 

Figure  2  shows  a  median  sagittal  section  of  a  Johnson  grass  caryopsis. 
No  attempt  is  made  here  to  distinguish  between  integument  and  pericarp, 
as  these  structures  are  discussed  and  illustrated 
in  later  sections. 

Besides  the  axial  organs,  the  rather  large 
embryo  (A)  includes  the  scutellum  (a),  the  root 
sheath,  or  coleorhiza  (i),and  the epicotyl  sheath, 
or  coleoptile  (k).  The  radicle  (g)  is  directed 
toward  the  proximal  end  of  the  caryopsis.  Its 
tip  is  covered  by  a  well-developed  root  cap  (h) . 
The  epicotyl  (f),  with  the  first  two  convolute 
leaves  (x  x  and  x  2)  well  formed  and  the  rudi- 
ments of  later  leaves,  extends  toward  the  distal 
end  of  the  caryopsis.  Between  the  radicle  and 
the  epicotyl  is  a  short,  internode-like  structure, 
the  mesocotyl  (e),  which  is  variously  inter- 
preted as  the  fused  hypocotyl  and  stalk  of 
the  cotyledon  (27)  or  the  elongated  primary 
node  (31). 

The  scutellum  is  expanded  laterally  into  two 
wings  which  fold  up  around  and  almost  wholly 
envelop  the  axial  organs  of  the  embryo.  A 
section  of  the  upper  edge  of  one  of  these  wings 
is  shown  at  (d).  Wherever  the  scutellum  is  in 
contact  with  the  endosperm  (B)  the  cells  of  its 
lower  cell  layer  are  elongated  into  the  form  of 
a  columnar  epithelium  (b),  which  secretes 
diastase  and  possibly  other  enzyms  for  the  con- 
version of  the  stored  food  of  the  endosperm. 
Along  the  entire  length  of  that  portion  of  the 
scutellum  underlying  the  mesocotyl  and  epicotyl 
extends  a  central  procambium  strand  (c),  which 
enters  the  axial  organs  at  the  point  of  their 
insertion  upon  the  scutellum  and  which  sends 
off  about  a  dozen  small  lateral  branches  and 
extends  under  the  radicle. 


Fig.  2. — Median  sagittal  section  of 
a  Johnson  Grass  caryopsis:  A, 
embryo;  B,  endosperm,  showing 
scutellum  (a),  its  epithelium  (b), 
its  central  procambium  strand 
(c) ,  portion  of  wing  of  scutellum 
rolled  up  over  the  axial  organs  of 
the  embryo  (d),  mesocotyl  (e), 
epicotyl  with  its  embryonic 
leaves  X l  and  X  *  (f) ,  radicle 
(g) ,  root  cap  (h) ,  root  sheath  or 
coleorhiza  (i),  epicotyl  sheath  or 
coleoptile  (k),  aleurone  layer  (1), 
fused  pericarp  and  seed  coat  (m) , 
remnant  of  style  (n) ,  pedicel  with 
remnants  of  lodicules  (o) ,  region  of 
the  hilum  and  micropyle  (p)  .com- 
pressed and  empty  endosperm 
cells  (r) ,  and  elongated  distal  cells 
of  the  integument  (s).    X  25- 


a  short  branch  which 
These  branches  ramify  throughout  that  face 
of  the  scutellum  which  is  in  contact  with  the  starchy  endosperm.  Upon 
the  germination  of  the  caryopsis  the  elements  of  the  central  strand  become 
differentiated,  with  the  formation  of  spiral  tracheae,  and  the  cells  of  the 
columnar  epithelium  greatly  elongate.  These  morphological  changes  can 
also  be  induced  by  wounding  the  endosperm  region  of  the  caryopsis  or  by  a 
diseased  condition  of  embryo  or  endosperm.  The  elongation  of  the 
epithelial  cells,  either  generally  over  the  whole  face  of  the  scutellum  or 
locally,  is  always  accompanied  by  corrosion  of  the  starch  grains  in  the 
underlying  endosperm  cells. 

Just  inside  the  coverings  of  the  caryopsis  (m)  and  extending  entirely 
around  the  embryo  and  endosperm  except  at  the  region  of  the  hilum  and 
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micropyle  (p)  is  the  aleurone  layer  (1),  which  comprises  a  single  layer 
of  cells. 

Between  the  hilum,  the  starch-bearing  endosperm,  and  the  proximal 
end  of  the  scutellum  lies  a  light-colored  mass  of  large,  irregular,  com- 
pressed, empty  endosperm  cells  (r). 

The  coverings  of  the  caryopsis  consist  of  the  fused  product  of  the  peri- 
carp and  inner  integument — the  latter  of  a  single  layer  of  cells  which,  at 
the  distal  end  of  the  caryopsis,  are  much  elongated  and  have  very  thick 
inner  walls.  The  figure  shows  these  elongated  cells  of  the  inner  integu- 
ment (s) ,  a  portion  of  one  of  the  persistent  styles  (n) ,  and  the  pedicel  (o) , 
with  portions  of  the  adhering  lodicules.  Usually,  however,  the  caryopsis 
breaks  from  the  pedicel  at  a  point  just  distal  to  the  insertion  of  the 
lodicules,  so  that  these  are  not  present  on  the  hulled  caryopsis. 

The  outer  integument  and  nucellus  have  entirely  disappeared  in  the 
mature  caryopsis,  with  the  possible  exception  of  a  portion  of  the  former 
overlying  the  micropyle. 

As  already  stated,  complete  or  partial  removal  of  the  coverings  over 
the  embryo  greatly  increases  the  readiness  with  which  Johnson  grass 
caryopses  germinate. 

III.   DETAIL   OF  THE   PERICARP  AND   INNER   INTEGUMENT 

Figure  3  represents  the  pericarp  and  inner  integument  of  a  Johnson 
grass  caryopsis  as  seen  in  cross  section  about  midway  from  the  proximal 

end  to  the  distal  end  of  the  caryopsis. 
The  drawings  in  this  figure  were 
made  with  camera-lucida  and  oil  im- 
mersion lens  from  paraffin  sections 
15  7r  in  thickness,  stained  with  iron 
alum  haematoxlyin.  The  material 
used  had  not  been  bleached  or  other- 
wise altered  before  embedding  in  the 
fig.  3,-cmss  sections  of  the  fused  pericarp  and     paraffin.    Figure  3 ,  A,  was  drawn  from 

inner  integument  of  Johnson  grass  caryopsis:  the  flat  (endosperm)  side  of  the  CaTV* 

A,  from  flat  (endosperm)  side  of  caryopsis  at  a  .             v      .,     ,i             ir,i               ,11 

point  opposite  the  end  of  the  scutellum;  B.from  OpSIS  Opposite  the  end  OI  theSCUtellUttl, 

rounded   (embryo)  side  over  the  end  of  the  „nri  fJo-,irp  .,     13    from  trip  rniinHprl  <;i,-lp 

embryo   d)   and  adjacent  portion  of  the     ana  ngure  3,  i3,  irom  me  rounaea  siae 

endosperm    (2),   showing  outer    epidermis   of  over   the  end    of    the   embrVO    (i)    and 

the  pericarp  (a),  inner  epidermis  of  the  peri-  , .                        ,                           11      /    \ 

carp  (b),  inner  integument  (c),  its  inner  walls  adjacent  endosperm  cells  (2). 

(d),  its  side  walls  (e),  and  its  outer  walls  and  Trip     nprirnrn     nnncsistc;     nf    <;p\rpri1 

solidified  contents  of  the  cells  (f)      X  325-  lne     PerlcarP     Consists     OI     Several 

layers  of  cells  of  which  only  the  outer 
epidermis  (a)  and  the  inner  epidermis  (b)  are  clearly  distinguishable. 
The  intervening  layers  consist  of  greatly  compressed  thin-walled  cells,  in 
which  narrow  cell  lumena  and  intercellular  spaces  appear  only  at  irregular 
intervals.  One  of  these  layers  is  the  chlorophyll-bearing  layer  of  the 
earlier  stages  of  development  of  the  caryopsis  and  in  the  mature  fruit 
frequently  contains  starch  grains.  The  outer  epidermis  is  continuous 
and  slightly  undulating  in  surface  contour  and  consists  of  rather  large 
rectangular  cells,  with  relatively  thin  walls  and  large  lumena.  The 
inner  epidermis,  as  in  other  Gramineae,  is  fragmented  longitudinally  into 
long  tubular  cells,  extending  lengthwise  of  the  caryopsis  and  connected 
with  each  other  by  their  end  walls,  occasionally  by  their  lateral  walls,  and 
by  cells  extending  diagonally  at  infrequent  intervals.  In  cross  section 
these  cells  usually  appear  circular  or  broadly  elliptical  as  in  figure  3. 

The  inner  integument  (c)  is  a  single-cell  layer,  continuous  except  at 
the  hilum.     The  cells  are  much  larger  than  any  of  the  cells  of  the  pericarp. 
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Their  inner  walls  (d)  and  side  walls  (e)  are  very  thick  and  dense,  and 
dark  brown  in  color;  their  outer  walls  are  much  thinner  and  less  dense. 
There  is  a  tendency  for  the  outer  walls  to  collapse  into  the  cell  lumen, 
which  itself  frequently  becomes  nearly  or  quite  filled  with  a  solidified, 
granular,  slightly  brown  or  yellowish  mass  of  substance. 

The  outer  walls  and  solidified  cell  contents  are  usually  difficult  to  dis- 
tinguish from  each  other.  Together  they  are  represented  by  the  cross- 
lined  areas  (f). 

Toward  the  distal  end  of  the  caryopsis  the  cells  of  the  inner  integument 
gradually  increase  in  size  and  their  inner  walls  increase  in  thickness, 
culminating  in  the  great  development  shown  in  figure  2  (s).  Over  the 
embryo  the  inner  integument  is  much  thinner  and  somewhat  lighter- 
colored  than  over  the  greater  part  of  the  endosperm— a  feature  which 
largely  accounts  for  the  lighter  color  of  the  embryo  region  of  the  caryopsis 
as  contrasted  with  the  endosperm  region.  The  integument  decreases  in 
thickness  also  over  the  flat,  or  endosperm,  side  of  the  caryopsis  proxi- 
mally  from  the  position  indicated  in  figure  3,  though  on  this  side  of  the 
caryopsis  its  inner  walls  are  always  thick,  dense,  and  very  dark-colored. 
Proximally  the  inner  integument  ends  in  areas  of  special  development 
at  the  micropyle  and  the  hilum  which  will  be  described  in  detail  in  the 
following  pages. 

Figures  4  to  8,  showing  specialized  areas  of  the  pericarp  and  inner 
integument  of  Johnson  grass  caryopses,  were  all  drawn  with  camera 
lucida  from  freezing  microtome  sections  of  fully  imbibed  seeds,  the 
sections  having  first  been  decolorized  on  the  slide  with  Javelle  water, 
stained  with  methylene  blue,  and  mounted  in  75  per  cent  glycerin  solu- 
tion. The  decolorizing  process  entirely  removed  the  solid  contents  of 
the  integument  cells  and  somewhat  increased  the  size  of  all  cells.  As 
the  aleurone  layer  usually  remained  attached  to  the  innef  integument 
in  the  sections  even  when  nearly  all  of  the  endosperm  fell  out,  this 
layer  is  shown  in  the  figures  representing  areas  where  it  is  present. 

PERICARP  AND  INNER  INTEGUMENT  AT  THE  DISTAL  END  OF  THE  CARYOPSIS 

Figure  4  represents  a  median  sagittal  section  through  the  coverings  of 
a  Johnson  grass  caryopsis  at  its  distal  end.  The  inner  integument  (a) 
is  much  thicker  than  the  combined  thickness  of  the  pericarp  and  the 
aleurone  layer,  and  is  much  thicker  toward  the  flat  (endosperm)  side 
of  the  caryopsis  (A)  than  toward  the  embryo  side  (B),  though  this 
relatively  great  difference  does  not  persist  far  from  the  distal  end.  The 
inner  walls  of  the  integument  cells  (1)  are  extremely  thick  and  bear  at 
intervals  peculiar  knoblike  ingrowths  (2)  into  the  cell  cavity.  These 
ingrowths  may  be  smooth  but  more  frequently  are  studded  with  minute 
points.  In  the  latter  case,  very  infrequently  one  is  found  which  before 
bleaching  with  Javelle  water,  but  never  after  bleaching,  exhibits  double 
refraction  in  polarized  light  as  if  crystalline  in  structure.  These  ingrowths 
occur  only  near  the  distal  end  of  the  caryopsis.  The  long  cells  of  the 
integument  at  the  extreme  distal  end  of  the  caryopsis  sometimes  extend 
far  into  the  style  and  are  broken  off  with  the  style  by  rough  handling 
of  the  caryopsis.  The  relatively  thin  end  walls  of  the  integument  cells 
at  a  little  distance  from  the  distal  end  are  sometimes  slightly  folded  (3) 
as  if  from  the  inward  pressure  of  the  pericarp,  as  it  dries  during  matura- 
tion of  the  caryopsis. 
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The  aleurone  layer  (b)  is  of  relatively  thick-walled  cells,  but  the  walls 
are  not  pigmented.  Its  thick  walls,  continuity,  and  persistent  adherence 
to  the  integument  are  of  interest  in  connection  with  the  suggested  pro- 
tective roll  of  this  layer  in  grass  caryopses  (7). 


*  8 

A 

Fig.  4. — Median  sagittal  section  through  the  coverings  of  a  Johnson  grass  caryopsis  at 
its  distal  end:  A,  flat,  or  endosperm  side  of  caryopsis;  B,  embryo  side  of  caryopsis; 
C,  base  of  style,  (a)  inner  integument,  (i)  inner  walls  of  its  cells,  (2)  inward  thicken- 
ings of  same,  (3)  end  walls  showing  folds,  (b)  aleurone  layer,  (c)  outer  epidermis  of 
pericarp.     X  ico. 

Of  the  pericarp  only  its  outer  epidermis  (c)  is  clearly  and  definitely 
distinguishable  in  freezing  microtome  sections.  The  figure  shows  the 
base  of  one  of  the  persistent  styles  (C). 

MICROPYLE    AND   SURROUNDING  STRUCTURES 

Figure  5  represents  a  median  sagittal  section  through  the  micropyle 
of  a  Johnson  grass  caryopsis.  The  position  of  the  micropyle  with  refer- 
ence to  other  structures  can  be  seen  by  comparing  this  figure  with  figure 
2.  The  aleurone  layer  (fig.  2,  1;  5,  a)  on  the  embryo  side  of  the  caryopsis 
extends  several  cells  beyond  the  proximal  end  of  the  scutellum  (fig.  2,  a; 
5,  b),  but  falls  several  integument  cells  short  of  reaching  the  micropyle. 

The  micropyle  itself  (fig.  5,  c)  is  closed  by  the  cells  of  the  inner  inte- 
gument (d,d)  which  has  so  crowded  in  from  all  directions  as  to  become 
turned  back  upon  itself  externally,  the  cells  from  opposite  directions 
coming  together  but  without  the  walls  fusing.  The  inner  cells  of  the 
double  layer  thus  formed  (e)  are  greatly  elongated  in  a  radial  direction 
and  have  very  heavy,  densely  pigmented  inner  walls.  The  cells  of  the 
outer  layer  (f)  are  considerably  shorter  and  their  outer  (morphologically 
inner)  walls  are  thick  and  heavily  pigmented.  On  the  side  toward  the 
hilum  this  reversed  layer  of  inner  integument  cells  extends  within  2  or 
3  cells  of  the  edge  of  the  hilum  (g)  and  forms  a  conspicuous  hump.     In 
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the  opposite  direction  it  extends  only  about  half  a  dozen  cells  and  its 
surface  forms  a  regular  flat  contour  with  that  of  the  single  layer  of  cells 
of  which  the  inner  integument  consists  farther  from  the  micropyle. 

The  pericarp  over  the  micropyle  as  elsewhere  consists  of  the  very 
distinct  outer  and  inner  epidermises  and  between  these  3  or  4  cell  thick- 
nesses of  thin-walled,  elongated,  irregularly  arranged  cells.  The  outer 
epidermis  (h)  is  of  thick-walled  cells  with  large  lumena,  rectangular  in 
section;  the  inner  epidermis  (i)  of  small,  thick- walled,  closely  crowded, 
heavily  pigmented  tubular  cells,  roundish  or  elliptical  in  sagittal  section, 
but  changing  between  the  micropyle  and  the  hilum  to  compressed,  rec- 
tangular cells  with  much 
thinner  walls.  At  this 
point  the  inner  epidermis 
of  the  pericarp  is  under- 
laid by  another  layer  of 
small,  thick- walled  cells, 
also  heavily  pigmented 
(k),  which  extends  unin- 
terruptedly over  the  mi- 
cropyle from  the  hilum, 
thinning  out  and  gradu- 
ally disappearing  distally. 
The  origin  of  this  cell  layer 
is  not  clear,  but  it  may 
be  a  persistent  portion  of 
the  outer  integument  in 
which  the  micropylar 
opening  is  entirely  oblit- 
erated. Over  the  area 
where  the  reversed  outer 
layer  of  the  inner  integu- 
ment ends  next  to  the 
hilum  is  a  mass  of  small, 
irregular,  closely  packed 
pericarp  cells  (1)  whose 
very  thick,  densely  pig- 
mented walls  are  fused 
with  the  walls  of  the  integ- 
ument  cells  upon  which 
they  impinge.  This  group 
of  cells  around  the  margin  of  the  hilum  is  continuous  with  the  cells  of 
the  "closing  tissue"  of  the  hilum  to  be  described  in  later  pages.  Thin- 
walled  pericarp  cells  (r)  fill  the  hilum. 

Where  the  caryopsis  breaks  irregularly  from  the  pedical  (m)  the  peri- 
carp is  supplied  with  a  group  of  scalariform  tracheids  (n) ,  most  of  which 
end  irregularly  only  a  few  cells  from  the  break,  while  a  few  extend  for  a 
short  distance  in  rows  in  a  tangential  direction  over  the  hilum.  A  con- 
stant feature  of  this  system  of  tracheids  is  its  splitting  into  two  branches, 
one  of  which  ends  abruptly  in  a  coiled  knot,  a  few  elements  of  which  are 
shown  (o)  in  a  direction  toward  the  micropyle,  while  from  the  other 
branch  extend  the  rows  of  tracheids  over  the  hilum  (p).  These  latter 
rarely  extend  over  the  circular  hilum  for  more  than  one-third  of  its 
diameter,  and  the  underlying  tissue  of  the  pericarp  is  entirely  nonvascular. 


Fie.  5. — Mean  sagittal  section  through  the  micropyle  and  neigh- 
boring structures  of  a  Johnson  grass  caryopsis:  a,  aleuronc  layer; 
b,  proximal  end  of  scutellum;  c,  micropyle;  d,d  inner  integu- 
ment; e,  its  inner  layer  of  cells  at  the  micropyle;  f,  its  outer  layer 
of  cells  at  the  micropyle;  g,  edge  of  the  hilum;  h,  outer  epidermis 
of  the  pericarp;  i,  inner  epidermis  of  the  pericarp;  k,  layer  of  cells 
locally  underlying  the  inner  epidermis  of  the  pericarp,  possibly  a 
persistent  portion  of  the  outer  integument;  1,  group  of  closely 
packed,  thick-walled  pericarp  cells  whose  walls  seem  to  be  fused 
with  the  walls  of  the  inner  integument  cells;  m,  edgeof  irregular 
scar  of  the  caryopsis;  n,  scalariform  tracheids  of  the  pedicel;  o, 
coiled  branch  of  tracheid  system;  p,  tracheids  in  rows  parallel  to 
the  surface  of  the  hilum;  r,  pericarp  cells  which  fill  the  hilum;  s, 
large,  empty,  funetionless  endosperm  cells  which  underly  the 
micropyle.     X  180. 
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Under  the  micropyle  is  a  group  of  large  empty  functionless  endosperm 
cells  (s)  which  continue  also  under  the  hilum  and  gradually  give  place 
to  the  starchy  reserve  cells  of  the  endosperm. 


THE  hilum 

Since  in  a  caryopsis  the  seed  never  becomes  detached  from  its  peri- 
carp there  is,  of  course,  no  true  hilum,  or  seed  scar.  There  is,  however, 
in  the  caryopsis  of  the  Andropogoneae,  a  large  opening  through  the  inner 
integument  in  the  position  corresponding  to  the  hilum.  Figure  6  repre- 
sents this  hilar  orifice  of  a  Johnson  grass  caryopsis  in  median  sagittal 
section  and  figure  7  in  median  transverse  section. 

The  cells  of  the  inner  integument  are  slightly  turned  outward  at  the 
margins  of  the  hilar  orifice  (a,  a).  The  group  of  small,  compact,  thick- 
walled,  pigmented,  pericarp  cells  mentioned  in  the  preceding  section  are 


B 


Fig.  6. — Median  sagittal  section  through  the  hilar  orifice  of  a  Johnson  grass  caryopsis:  A,  side  toward 
micropyle  and  endosperm;  B,  side  toward  embryo,  showing  inner  integument  (a,  a),  compact  group 
of  thick-walled  pericarp  cells  (b,  b),  "closing  tissue"  of  the  hilar  orifice  (c),  outer  epidermis  of  the  peri- 
carp (d),  pericarp  cells  completely  filling  the  hilar  orifice  in  the  integument  (e).     X  275. 

present  outside  of  the  margins  of  this  orifice  on  all  sides  (b,  b).  They  are 
particularly  prominent  in  sagittal  section  on  the  side  toward  the  micro- 
pyle (fig.  6,  A)  and  are  rather  sparingly  represented  on  the  embryo  side 
(fig.  6,  B).  Ninety  degrees  around  the  circumference  of  the  hilar  orifice 
from  these. points  as  shown  in  figure  7,  they  are  very  numerous,  but  not 
as  thick-walled  as  at  the  longitudinal  extremities  of  the  hilar  region. 
Stretching  over  this  region  from  the  points  where  these  thick-walled 
pericarp  cells  fuse  with  the  integument  near  the  margins  of  the  hilar 
orifice  is  a  continuous  stratum  of  several  layers  of  pericarp  cells  with 
somewhat  thickened  walls  (c),  which,  though  forming  a  single  tissue  with 
the  cells  on  both  sides  of  them,  differ  from  these  in  ways  which  are  of 
great  physiological  significance.  The  radial  contraction  which  charac- 
terizes all  pericarp  tissues  in  the  dry,  mature  caryopsis,  causing  the  very 
noticeable  hilar  depression,  apparently  reaches  its  maximum  in  this 
stratum,  which  also  becomes  intensely  pigmented  with  a  dark  brown 
pigment  and,  with  the  thick- walled  cells  shown  at  b,  b,  forms  a  pro- 
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tective  cover  to  the  large  hilar  opening  through  the  inner  integument. 
This  cover  we  have  designated  as  the  "closing  tissue"  of  the  hilar  orifice. 
As  will  be  shown  later,  it  is  largely  impervious  to  solutes  and  highly- 
resistant  to  the  action  of  50  per  cent  chromic  acid.  In  its  protective 
function  it  supplements  the  inner  integument  with  which  it  is  struc- 
turally united  through  the  fusion  of  the  respective  cell  walls.  Its  intense 
pigment,  showing  through  the  overlying  layers  of  pericarp  cells,  forms  a 
circular  black  area  which  is  always  conspicuous  in  an  external  examina- 
tion of  the  entire  caryopsis.  Around  this  closing  tissue  in  all  directions 
the  degree  of  pigmentation  abruptly  decreases,  though  there  is  no  sharp 
line  between  the  very  dark  central  region  and  the  surrounding  cells.  In 
fact,  when  completely  bleached  with  Javelle  water,  the  cells  of  this  dark 
central  region  and  those  above  and  below  it  are  almost  identical  in 


Fig.  7. — Mediau  transverse  section  through  the  hilar  orifice  of  a  Johnson  grass  caryopsis:  a,  a,  inner  integu- 
ment; b,  b,  compact  group  of  thick-walled  pericarp  cells;  c,  "closing  tissue"  of  the  hilar  orifice;  d,  outer 
epidermis  of  the  pericarp;  e,  pericarp  cells  completely  filling  the  hilar  orifice  in  the  integument.     X  275. 

appearance.  The  pericarp  cells  (e)  within  the  margins  of  the  hilar  orifice 
are  roughly  cubical  in  shape  and  are  arranged  rather  regularly  in  radial 
rows.  In  the  absence  of  vascular  bundle  elements  it  is  obvious  that  this 
mass  of  tissue — completely  filling  the  hilar  opening  through  the  integu- 
ment, and  parenchymatous  until  pigmentation  sets  in  during  the  matura- 
tion and  drying  of  the  caryopsis — acts  as  the  only  avenue  for  the  con- 
duction of  nutrient  materials  from  the  vascular  elements  at  the  base  of 
the  pedicel  and  over  the  hilar  region  to  the  developing  embryo  and 
endosperm.  Rows  of  long,  thin- walled  cells  in  the  central  layers  of  the 
pericarp  tissue  leading  from  the  coiled  branch  of  the  vascular  bundle  of 
the  pedicel  and  continuous  with  rows  of  cells  within  the  hilar  opening, 
doubtless  also  function  as  conducting  elements.  In  the  mature  un- 
bleached caryospis,  however,  the  dark  central  portion  is  strikingly 
differentiated  from  the  surrounding  structures.  Moreover,  the  contrast 
here  existing  is  accentuated  by  partial  bleaching  of  microtome  sections 
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Fig.  8.— Median  sagittal  section  through  a  Johnson  grass 
caryopsis,  partially  bleached  to  show  the  "closing  tissue" 
over  the  hilar  orifice:  a,  embryo;  b,  endosperm;  e,  c.  c,  inner 
integument;  d,  mieropyle;  e,  hilar  margins;  f,  "closing  tis- 
sue;" g,  tracheids  from  the  pedicel.     X  27. 


with  Javelle  water.  After  the  surrounding  cells  are  almost  completely 
decolorized,  the  compact,  densely  pigmented  central  portion,  the  "closing 
tissue,"  still  remains  very  dark,  with  the  individual  cell  walls  wholly 
indistinguishable.  Figure  8  represents  in  outline  a  median  sagittal 
section  of  a  Johnson  grass  caryopsis  which  had  received  this  partial 
bleaching  with  Javelle  water.     On  further  treatment  with  Javelle  water 

the  cell  walls  in  this  dark 
closing  tissue  (f)  also  become 
completely  decolorized  and 
the  compressed  cells  resume 
their  cubical  shape  as  shown 
in  figures  6  and  7. 

The  relation  of  the  clos- 
ing tissue  of  the  hilum  to 
the  integument  cells  is  fur- 
ther shown  in  figures  9  and 
1  o.  The  material  from  which 
these  figures  were  drawn  was 
from  seeds  which  had  been 
treated  with  50  per  cent 
chromic  acid  until  the  outer 
layers  of  the  pericarp,  the  coverings  of  the  embryo,  the  proximal  end 
of  the  embryo  itself,  and  the  pericarp  tissue  within  the  hilar  orifice 
had  been  dissolved  away.  This  left  in  the  hilar  region  only  the  more 
resistant  integument  and  "closing  tissue."  These  were  removed  with 
a  sharp  scalpel,  bleached,  washed  and  stained  upon  the  slide,  and 
mounted  in  75  per  cent  glycerin  with  thin  strips  of  tissue  paper  under 
the  cover  glass  to  protect  the 
now  extremely  delicate  struct- 
ures from  crushing.  The  fig- 
ures show  only  one  cell  layer 
of  the  closing  tissue,  which  is 
really  several  cells  thick. 

Figure  9  is  an  external  view 
with  the  underlying  margin  of 
the  hilar  orifice  shown  as  a  con- 
tinuous heavy  line  (a).  The 
drawing  was  made  with  camera 
lucida  and  represents  accu- 
rately the  loose  ends  of  the 
cell  walls  (b)  at  the  margin  of 
the  tissue  which  had  resisted 
the  corrosive  action  of  the 
chromic  acid. 

Figure  10  is  a  view  from  the 
inner  side  of  the  hilum,  looking  out.  The  ends  of  the  out-curving 
integument  cells  (a)  present  a  stereoscopic  appearance,  while  the  much 
thinner-walled  closing  tissue  (b)  is  shown  in  a  lower  focal  plane  as  it 
appeared  through  the  hilar  orifice. 

COMPARISON  OF  JOHNSON   GRASS   AND   SUDAN   GRASS   FRUITS   AND   CARYOPSES 

Sudan  grass  seed  differs  from  Johnson  grass  seed  in  certain  minor 
ways,  some  of  which,  however,  are  physiologically  important.  Both  the 
unhulled  fruits  and  the  caryopses  are  slightly  larger,  flatter,  and  more 


Fig.  9 


External  view  of  the  "  closing  tissue ' '  over  the  hilar 
orifice  of  a  Johnson  grass  caryopsis:  a,  underlying  hilar 
margin;  b,  loose  ends  of  cell  walls  of  the  "closing  tissue," 
beyond  which  the  tissue  was  destroyed  by  chromic  acid; 
the  arrow  points  in  the  direction  of  the  mieropyle.     X  180. 
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slender.  The  glumes  are  more  fragile  and  more  easily  broken  or  removed , 
so  that  commercial  lots  of  Sudan  grass  seed  usually  contain  a  considerably 
larger  percentage  of  hulled  caryopses  than  do  Johnson  grass  seed.  The 
caryopses  are  lighter  colored,  less  glassy  in  appearance,  and  are  more 
easily  injured  mechanically.  The  coat  structures  usually  form  con- 
spicuous delicate  folds  or  creases  over  the  axial  organs  of  the  embryo, 
as  the  embryo  shrinks  during  maturation  and  drying,  while  in  Johnson 
grass  caryopses  the  coverings  are  stretched  rather  tightly  over  the 
embryo  even  after  the  caryopsis  is  fully  dried.  In  a  Johnson  grass 
caryopsis  the  micropylar  prominence  is  usually  the  most  proximal  part 
of  the  inner  integument,  the  embryo  not  extending  farther  forward 
than  the  micropyle.  In  a  Sudan  grass  caryopsis,  on  the  contrary,  the  end 
of  the  radicle  and  of 
the  scutellum  usually 
extend  farther  forward 
so  that  the  inner  in- 
tegument is  strongly 
arched  forward  from 
the  micropyle  to  cover 
these  organs.  The 
Sudan  grass  embryo 
is  therefore  more  ex- 
posed to  mechanical 
injury  than  the  John- 
son grass  embryo. 

The  micropylar 
structure  is  frequently 
less  massive  in  Sudan 
grass  caryopses  than 
in  Johnson  grass  cary- 
opses. An  open  micro- 
pyle is  rare  in  Johnson 
grass  and  somewhat 
more  common  in  Sudan 
One    Sudan 


Fig. 


grass 
grass 


10. — Internal  view  ol  the  hilar  orifice  of  a  Johnson  grass  caryopsis 
with  its  "closing  tissue:"  a,  ends  of  the  integument  cells;  b,  "closing 
tissue;''  c,  margin  of  the  hilar  orifice;  the  arrow  points  in  the  direc- 
tion of  the  micropvle.     X  180. 

caryopsis     was 

examined    which    had  a  nearly  circular  micropylar  opening   somewhat 
more  than  ioo  microns  in  diameter  through  the  integument. 

Many  Sudan  grass  caryopses  are  very  light  colored,  and  occasionally 
one  is  found  which  is  almost  white.  In  some  such  light  colored  caryopses 
the  inner  integument  is  poorly  developed  or  almost  lacking.  In  others 
it  is  as  well  developed  as  in  the  dark  colored  caryopses,  but  is  less  pig- 
mented. Johnson  grass  produces  no  such  light  colored  caryopses,  and 
the  inner  integument  is  always  well  developed.  Its  thick  inner  wall, 
as  well  as  the  pericarp  tissue,  is  more  darkly  pigmented  than  in  Sudan 
grass  caryopses. 

MEASUREMENTS  OF  COAT   STRUCTURES 

Since  removal  of  the  coverings  over  the  embryo  of  Johnson  grass 
caryopses  removes  the  restrictions  to  their  germination  at  moderate  and 
constant  temperatures  and  makes  them  capable  of  germinating  vigor- 
ously under  the  same  conditions  as  Sudan  grass  caryopses,  it  was  thought 
desirable  to  compare  these  coverings  in  the  two  kinds  of  seed.  Measure- 
ments  were   therefore   made   of    the  minimum   thickness  of   the   coat 
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structures  over  various  parts  of  the  caryopses  in  25-micron  median  sagittal 
freezing  microtome  sections  of  a  large  number  of  caryopses.  Table  I 
summarizes  these  measurements  for  several  portions  of  the  caryopses, 
each  entry  being  the  average  of  the  minimum  thickness  for  five  or  six 
caryopses. 

Table  I. — Minimum    thickness  in  microns,   of  coat  structures   of    Johnson  grass  and 

Sudan  grass  caryopses  1 


Area  measured . 


Integument  and  pericarp : 

Front  of  coleorhiza 

Over  radicle 

Over  coleoptile 

Over  scutellum 

At  micropyle  • 

At  hilar  orifice 

Over  middle  of  endosperm  side  . 

Integument  at  micropyle 

Dark  area  over  hilum 


Small 
plump, 
dark 
Sudan 
grass 
caryop- 
ses. 


34 

3* 
29 

36 

78 
80 
40 

35 
u 


Small 
well- 
matured 
Johnson 

grass 
caryop- 
ses. 


20 
22 

21 
23 

66 
7i 
33 
42 

13 


Large, 
very 
light- 
colored 
Sudan 
grass 
caryop- 
ses. 


28 
3° 
31 
79 
65 
43 
52 
9 


Large, 
very- 
dark 

Sudan 
grass 

caryop- 
ses. 


28 

23 
26 
26 

52 
64 
38 
48 
12 


Large, 
well- 
matured 
Johnson 

grass 
caryop- 
ses. 


34 
24 
21 

25 

96 

^3 
28 

58 
10 


1  Each  entry  is  the  average  for  several  caryopses. 

3  The  thickness  at  the  micropyle  was  very  variable,  depending  upon  the  manner  in  which  the  caryopses 
broke  from  the  pedicel. 

In  front  of  the  point  of  the  radicle  and  over  the  hilar  orifice  and 
micropyle  the  thickness  of  the  pericarp  and  inner  integument  combined 
was  greater  in  Johnson  grass  caryopses  than  in  Sudan  grass  caryopses. 
These  differences  were  related  to  the  more  forward  position  of  the  em- 
bryo in  Sudan  grass  caryopses. 

Over  all  other  portions  of  embryo  and  endosperm  where  measure- 
ments were  made  the  coverings  of  the  Sudan  grass  caryopses  were 
thicker  than  those  of  Johnson  grass  caryopses.  They  were  thicker  also 
in  light-colored  than  in  dark-colored  Sudan  grass  caryopses,  this  being 
the  result  of  a  looser  arrangement  of  the  different  layers,  especially  the 
starch-bearing  layer,  of  the  pericarp  and  a  less  contracted  condition 
of  the  inner  integument  in  the  light-colored  caryopses.  Only  in  the 
very  darkest  Sudan  grass  caryopses  were  the  coverings  structures  as 
compact  as  in  Johnson  grass  caryopses. 

The  tendency  for  the  pericarp  tissues  to  fall  loosely  apart  along  the 
layers  betweeen  the  outer  and  inner  epidermises  was  greater  in  sections 
of  Sudan  grass  caryopses  than  in  sections  of  Johnson  grass  caryopses. 


RESISTANCE    OF    SEED   COVERINGS    TO    RUPTURE    FROM    HEATING    IN    WATER,    AND    TO 

IMBIBITION   BY   THE   EMBRYO 

The  differences  in  compactness  of  the  coverings  of  Johnson  grass  and 
Sudan  grass  caryopses  suggested  that  differences  in  mechanical  resistance 
to  rupture  from  the  pressure  of  the  expanding  embryos  might  exist  and 
might  be  significant  in  relation  to  the  germination  behavior  of  the 
caryopses.     In  an  attempt  to  test  the  mechanical  resistance  of  these 
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coverings,  100  each  of  the  light-colored  and  dark-colored  Sudan  grass 
caryopses  and  of  large  and  small  Johnson  grass  caryopses  were  sub- 
merged in  water  in  air-dry  condition  and  slowly  heated  for  three  20- 
minute  periods  with  slow  cooling  between  the  periods  of  heating.  The 
rate  of  heating  was  such  that  the  water  was  just  beginning  to  boil  at 
the  end  of  20  minutes. 

Scarcely  any  caryopses  broke  during  the  first  priod  of  heating,  but  all 
but  a  very  few  had  broken  by  the  end  of  the  third  period.     The  majority 
broke  first  over  the  endosperm.     At  the  end  of  the  third  period  of  heat- 
ing 42  small  and  26  large  Johnson  grass  caryopses  and  9  dark  and  no 
light  Sudan  grass  caryopses  had  broken  over  the  embryo.     The  breaking 
of  the  coat  structures  of  Johnson  grass  over  the  embryo  and  the  failure 
of  these  to  break  in  Sudan  grass  caryopses  is  evidently  the  result  of 
their  looser  arrangement  in  the  latter  case  and  not  of  differences  in 
resistance  to  pressure  from  within.     The  looser  coverings  of  the  Sudan 
grass  embryo,  and  especially  of   those  of   the  light-colored   caryopses, 
allowed  greater  swelling  of  the  embryos  before  these  coverings  were 
distended  to  their  full  capacity  and  at  the  same  time  gave  better  oppor- 
tunity for  the  escape  of  gases.     A  natural  corollary  of  this  fact  is  that, 
under  germination  conditions,   the  Sudan  grass  enbryo  can  imbibe  a 
greater  percentage  of  water  without  breaking  the  coverings  than  can 
Johnson  grass  embryos.     If  the  force  of  imbibition  of  a  Johnson  grass 
embryo  is  insufficient  to  overcome  the  resistance  of  coat  structures,  the 
embryo  will  remain  dormant  on  account  of  incomplete  satisfaction  of 
its  water  requirements.     As  a  matter  of  fact  actual  tests  with  thick 
sections  made  with  a  freezing  microtome  and  at  once  immersed  in 
different  solutions  and  examined  with  a  microscope  indicate  that  dormant 
Johnson  grass  embryos,  even  after  long  incubation  under  germination 
conditions,  are  about  in  equilibrium  with  2-molar  salt  solution.     The 
sections  of  the  embryos  contracted  considerably  in  4-molar  salt  solution 
and  swelled  very  appreciably  in  water  but  underwent  no  appreciable 
change  in  2-molar  salt  solution.     Coat  restrictions  to  water  intake  may, 
therefore,  be  important  in  imposing  dormancy  and  resistance  to  germi- 
nation here  as  with  the  seeds  of  many  water  plants  (n,  12.) 

COMPOSITION   OF  PERICARP   AND   INNER   INTEGUMENT   OF  JOHNSON   GRASS   AND  SUDAN 

GRASS   CARYOPSES 

Only  a  few  microchemical  tests  were  made  by  the  authors.  The 
results  of  these  tests  were  verified  and  additional  tests  were  made  by 
Dr.  Sophia  Eckerson,  of  the  University  of  Chicago  and  the  Bureau  of 
Plant  Industry  of  the  United  States  Department  of  Agriculture,  for 
whose  generous  assistance  we  are  greatly  indebted.  Table  II  sum- 
marizes Doctor  Eckerson's  results  so  far  as  they  are  significant  in  the  present 
comparison. 

The  cell  walls  of  the  aleurone  layer  were  of  hemicellulose  in  both  kinds 
of  caryopsis.  Although  these  walls  are  comparatively  thick,  it  does  not 
seem  possible,  in  view  of  their  composition  and  the  much  more  resistant 
character  of  the  integument  and  pericarp,  to  attribute  to  the  aleurone 
layer  any  special  protective  function  in  uninjured  caryopses. 

The  pericarp  tissues  contained  the  same  elements  in  both  kinds  of 

caryopsis,   except  iron,   which   was  present  in  the  outer  epidermis  of 

Johnson  grass  and  absent  in  that  of  Sudan  grass,  but  pectic  substances 

were  much  more  abundant  and  the  suberization  was  less  in  Sudan  grass 
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than  in  Johnson  grass.  The  composition  of  the  inner  integument  was 
quite  different  in  the  two  kinds  of  caryopsis.  In  Sudan  grass  caryopses 
it  consisted  mainly  of  hemicellulose,  the  inner  walls  being  somewhat, 
and  the  outer  walls  rather  more  impregnated  with  suberin.  In  Johnson 
grass  caryopses,  on  the  contrary,  the  outer  walls  contained  cellulose  and 
were  somewhat  suberized,  while  the  inner  walls  as  well  as  the  closing 
tissue  were  suberin,  strongly  impregnated  with  fatty  substance.  The 
amount  of  fat,  both  in  the  walls  and  in  the  cell  contents,  was  much 
greater  in  Johnson  grass  than  in  Sudan  grass. 

In  addition  to  the  data  shown  in  Table  II,  all  layers  of  the  pericarp 
and  the  integument  contained  tannin  in  both  kinds  of  caryopsis,  but 
more  in  Johnson  grass  than  in  Sudan  grass. 

Table  II.— -Composition  of  coat  structures  of  Johnson  grass  and  Sudan  grass  caryopses 


Part  examined. 

Composition. 

Johnson  grass  caryopses. 

Sudan  grass  caryopses. 

Aleurone  laver 

Inner  integument.  . 

Pericarp 

Cells  walls  hemicellulose 

Inner  cell  walls  pure  suberin, 
impregnated  with  fatty  sub- 
stances; fat  also  in  cell  con- 
tents. 

Outer   cell    walls   have    very 
little   suberin;   some   cellu- 

.    lose. 

All  cell  layers  contain  pectic 
substances  and  are  suberized ; 
a  little  calcium;  a  little  cel- 
lulose; iron  in  outer  layer. 

All  layers  swell  in  2  per  cent 
oxalic   acid   and   in  ammo- 
nium hydrate  of  one-tenth 
commercial  strength. 

Suberin  and  considerable  oil, 
which  comes  out  after  10  to 
15  minutes'  warming  in  al- 
cohol. 

Cell  walls  hemicellulose. 

Inner  cell  walls  hemicellulose, 
somewhat  suberized ;  much 
less  fat  than  in  Johnson  grass. 

Outer  cell  walls  hemicellulose, 
more  suberized  than  inner 
cell  walls. 

Similar  to  Johnson  grass  but 
less  suberized,  with  pectic 
substances  much  more  abun- 
dant; no  iron. 

"Closing  tissue ' '  of 
the  hilar  orifice. 

Swell  much  more  than  Johnson 
grass  in  oxalic  acid  and  am- 
monium hydrate  solutions. 

Not  determined. 

COMPARATIVE     RATES     OF     BLEACHING     WITH     JAVELLE     WATER — CORRELATION     WITH 

GERMINATION 

These  tests  were  made  with  one  lot  of  Sudan  grass  caryopses  and  two 
lots  of  Johnson  grass  caryopses,  using  only  uninjured  caryopses  which 
had  been  removed  from  the  scales  by  hand.  The  Johnson  grass  seed 
was  nearly  two  years  old  and  was  therefore  fully  after-ripened.  When 
fresh,  No.  37001  was  an  unusually  ready  germinator,  but  the  San  Antonio 
lot  was  exceptionally  resistant  to  germination.  Almost  30  per  cent  of 
the  naked  caryopses  of  the  former  and  less  than  5  per  cent  of  those  of 
the  latter  germinated  in  10  days  at  250  C.  At  other  temperatures  the 
comparison  was  similar.  The  caryopses  were  placed  in  small  vials,  and 
several  times  their  volume  of  Javelle  water  was  added.  The  Javelle 
water  was  renewed  after  1,  2,  6,  and  24  hours  and  at  intervals  of  24 
hours  thereafter  until  bleaching  was  complete.  The  first  visible  effect  of 
the  Javelle  water  was  a  pronounced  darkening  of  the  caryopses,  probably 
due  either  to  the  action  of  the  free  alkali  in  the  solution  or  to  oxidations. 
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Caryopses  of  Sudan  grass  and  Johnson  grass  No.  37001  became  almost 
black  in  one-half  hour,  and  those  of  the  San  Antonio  lot  in  an  hour. 
The  initial  blackening  was  followed  by  gradual  bleaching,  which  was 
first  apparent  and  proceeded  most  rapidly  over  the  embryos  and  thence 
advanced  around  the  endosperm  at  the  proximal  end,  and  at  the  same 
time  toward  the  distal  end  over  the  entire  circumference  of  the  caryopsis. 
As  the  seeds  whitened  the  bleaching  solution  darkened.  More  rapid  loss 
of  color  in  spots  frequently  gave  a  mottled  appearance  to  the  bleaching 
caryopses.  The  closing  tissue  of  the  hilar  orifice  and  the  inner  walls  of 
the  very  large  integument  cells  at  the  distal  end  of  the  caryopses  were 
the  slowest  to  show  the  effect  of  the  bleaching  and  the  last  to  become 
completely  bleached.  Often  the  circular  closing  tissue  of  the  hilum  re- 
mained very  dark  24  hours  after  all  other  tissue  at  the  proximal  end  of 
the  caryopsis  was  completely  bleached. 

In  many  Johnson  grass  caryopses  the  coverings  over  the  edges  of  the 
scutellum  and  over  the  axial  organs  bleached  more  quickly  than  a  little 
to  either  side  of  the  axis,  leaving  two  prominent  dark  lines  the  whole 
length  of  the  embryo  after  the  rest  was  white. 

Table  III  shows  in  detail  the  progress  of  bleaching  in  the  three  lots 
of  caryopses  and  the  results  of  germination  tests  of  the  same  lots  of 
caryopses.  The  germination  tests  were  made  in  100  mm.  Petri  dishes 
with  wet  blotting  paper  as  germination  bed.  Sudan  grass  was  tested 
at  room  temperature  and  Johnson  grass  in  an  incubator  at  260  C. 

Examination  of  the  data  in  Table  III  shows  that  Sudan  grass  caryopses 
bleached  much  more  rapidly  than  Johnson  grass  caryopses  and  Johnson 
grass  No.  37001  more  rapidly  than  the  San  Antonio  lot.  Correlated 
with  the  difference  in  resistance  of  the  two  lots  of  Johnson  grass 
caryopses  to  the  action  of  Javelle  water  was  a  difference  in  the 
readiness  with  which  they  germinated.  This  latter  difference,  while 
only  slight  in  the  fully  after-ripened  condition  at  the  time  these 
tests  were  made,  was,  as  previously  indicated,  very  much  greater 
when  the  seeds  were  fresh.  Viability  tests  made  after  the  third  day 
by  scratching  the  embryos  along  one  side  of  the  scutellum  with  a  bent 
needle  and  returning  them  to  the  incubator  for  another  day  showed 
all  the  caryopses  to  be  viable  and  capable  of  producing  vigorous  seedlings. 
The  application  of  this  method  of  determining  the  viability  of  Johnson 
grass  embryos  has  been  described  elsewhere  (15). 

A  few  of  the  most  resistant  Sudan  grass  caryopses  bleached  more  slowly 
than  a  few  of  the  least  resistant  Johnson  grass  caryopses.  It  is  perhaps 
worthy  of  notice  also  in  this  connection  that  1  per  cent  of  the  Sudan 
grass  caryopses,  though  viable  and  potentially  vigorous,  did  not  germi- 
nate until  after  the  coverings  of  the  embryo  had  been  opened — a  process 
which  induces  the  germination  of  the  most  resistant  Johnson  grass 
caryopses  even  before  they  have  after-ripened. 

Additional  bleaching  tests  were  made  with  the  San  Antonio  lot  of 
Johnson  grass,  using  caryopses  which  had  failed  to  germinate  in  three 
days  at  260  C.  in  comparison  with  others  which  had  for  three  days  been 
incubated  as  for  germination  except  that  germination  was  prevented  by 
keeping  them  in  an  ice  box.  The  caryopses  remaining  from  the  germi- 
nation test  bleached  on  the  average  more  slowly  than  those  which  had 
been  incubated  in  the  ice  box,  so  that  none  germinated.  This  seems 
to  indicate  that  the  caryopses  of  this  lot  which  had  germinated  were 
in  general  those  which  would  have  bleached  most  rapidly  in  Javelle 
water. 
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Table  III. — Bleaching  with  Javeile  water  and  germination  of  Sudan  grass  and  Johnson 

grass  caryopses l 


Johnson     grass     No. 

Johnson  grass,  San  An- 

37001. 

tonio,  1916. 

First  evidence  of  bleach- 

60 seconds,  lighter 

15  minutes,  light- 

15    minutes     less 

ing. 

over  embrvo. 

er  patches  over 

than      in      No. 

embryo. 

37001. 

First  coloring  of  Tavelle 

60  seconds 

30  minutes 

60  minutes  barely 

water. 

perceptible. 

First  "axis"  completely 

45  minutes 

45  minutes 

120  minutes. 

bleached. 

First  embryo  completely 

75  minutes 

120  minutes 

None  in  6  hours; 

bleached. 

some  nearly  so. 

First     seed     completely 

3   hours,    several 

None  in  6  hours .  . 

None  in  6  hours. 

bleached   except  clos- 

in 6  hours. 

ing  tissue. 

After  24  hours: 

Completely  bleached. 

17  per  cent 

5  per  cent 

1  per  cent. 

Nearly  all  bleached .  . 

78  per  cent 

6  per  cent 

2  per  cent. 

Little  more  than  one- 

5  per  cent 

68  per  cent 

8  per  cent. 

half  bleached. 

About    on  e-h  a  1  f 

0  per  cent 

19  per  cent 

10  per  cent. 

bleached. 

Less    than    one-half 

0  per  cent 

2  per  cent 

79  per  cent. 

bleached. 

Embryos  bleached .  .  . 

100  per  cent 

98  per  cent 

26  per  cent. 

All    but   distal    end 

0  per  cent 

10  per  cent 

8  per  cent. 

bleached. 

All  but  closing  tissue 

0  per  cent 

6  per  cent 

0  per  cent. 

bleached. 

All    but    distal    end 

0  per  cent 

58  per  cent 

0  per  cent. 

and  closing  tissue 

bleached. 

Flat    side    bleached 

0  per  cent 

0  per  cent 

24  per  cent. 

more  than  embryo. 

After  48  hours 

Completely 

All  but  10  com- 

Less       advanced 

bleached      ex- 

pletely bleached 

than  No.  37001. 

cept  small  spots 

or  nearly  so. 

Seven          only 

on    a    tew    ca- 

about    one-half 

ryopses. 

bleached. 

After  72  hours 

Small     spot     on 
one     caryopsis 

5  or  6  not  com- 
pletely bleached 

13      or      20      not 

completel  y 

unbleached. 

at  distal  end. 

bleached. 

After  06  hours 

All      completely 

One  not  complete- 

One  not  complete- 

bleached. 

ly  bleached. 

ly  bleached. 

Germination : 

1  day 

98  per  cent 

1  per  cent 

65  per  cent 

3  per  cent 

44  per  cent. 
19  per  cent. 

2  daA^s 

3  davs 

4  days  2 

1  per  cent 

100.  . 

32  per  cent 

100 

36  per  cent. 

Percentage  viable 

99. 

1  100  seeds  were  used  iu  each  test,  both  lor  bleaching  and  germination. 

-  Caryopir^s  scratched  at  end  of  third  day  with  a  bent  needle  to  induce  germination. 


RESISTANCE    OF   COAT    STRUCTURES    TO    THE    ACTION    OF   CHROMIC    ACID:   CORRELATION 

WITH   GERMINATION 

The  resistance  of  the  inner  integument  and  the  closing  tissue  in  John- 
son grass  caryopses  to  the  action  of  chromic  acid  has  already  been 
referred  to  and  might  be  inferred  from  the  fact  that  these  consist  wholly 
or  largely  of  suberin. 
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The  first  treatments  were  with  halved  caryopses  of  three  lots  of  fully 
after-ripened  Johnson  grass  seed  showing  100  per  cent  viability  in  com- 
parison with  halved  caryopses  of  dark-colored  and  light-colored  Sudan 
grass  seeds.  The  caryopses,  either  in  air-dry  condition  or  after  soaking 
in  water,  were  cut  in  halves  along  a  median  sagittal  plane  with  a  sharp 
scalpel  and  were  then  immersed  in  50  per  cent  chromic- acid  solution, 
which  was  frequently  changed.  At  the  end  of  24  hours'  soaking  in  the 
chromic-acid  solution  some  of  the  halved  caryopses  were  washed  in  water 
and  examined  with  the  microscope.  At  this  time  considerable  endo- 
sperm, white  and  normal  in  appearance,  remained  within  the  half-shells, 
but  the  majority  of  the  embryos  were  entirely  disintegrated.  The  cover- 
ings over  the  Sudan  grass  embryos  were  very  considerably  fragmented, 
and  in  most  cases  the  remaining  tissue  was  fragile  and  soft  and  tended  to 
collapse  into  the  empty  embryo  cavity.  In  the  great  majority  of  the 
Johnson  grass  half  caryopses,  on  the  contrary,  the  shells  over  the  embryo 
cavity  were  intact  or  only  slightly  fragmented  and  remained  stiff  and 
brittle.  Many  of  these  were  kept  several  days  longer  in  50  per  cent 
chromic-acid  solution  without  undergoing  entire  dissolution  of  the 
enbryo  coverings.  Embryo  coverings  of  caryopses  of  the  Johnson  grass 
lot  which  was  most  resistant  to  germination,  especially  before  after- 
ripening,  were  more  resistant  to  the  action  of  the  chromic-acid  solution 
than  embryo  coverings  of  the  other  two  lots. 

Entire  caryopses  of  these  same  lots  of  Johnson  grass  and  Sudan  grass 
and  wheat  grains  from  a  lot  showing  99  per  cent  germination  in  two  days 
were  next  treated  with  50  per  cent  chromic-acid  solution  in  small  vials 
each  containing  100  caryopses.  At  24-hour  intervals  the  caryopses  in 
the  different  vials  were  removed  from  the  chromic-acid  solution,  thor- 
oughly washed  with  sodium-bicarbonate  solution  followed  by  distilled 
water,  and  put  to  germinate.  At  the  same  intervals  caryopses  were 
withdrawn  from  another  vial  of  chromic-acid  solution  for  sectioning: 
and  microscopic  examination. 

All  wheat  embryos  were  uncovered  and  killed  by  the  action  of  the 
chromic  acid  by  the  end  of  the  first  24-hour  period,  though  in  the  most 
resistant  grains  scutella  and  the  larger  part  of  the  axial  organs  were 
still  intact.  Fragments  of  the  outer  coverings,  sometimes  including 
even  the  outer  epidermis  of  the  pericarp,  remained. 

With  Sudan  grass  caryopses  only  the  inner  integument  and  the  closing 
tissue  of  the  most  resistant  individuals  remained  intact  at  the  end  of  24 
hours'  treatment.  Occasional  adhering  remains  of  the  outer  coverings 
usually  represented  only  the  inner  epidermis  of  the  pericarp.  The  whole 
proximal  end,  both  embryo  and  endosperm,  tended  to  become  slightly 
stained,  showing  the  slight  penetration  of  the  acid.  Only  1  per  cent  of 
the  embryos  of  dark-colored  caryopses  were  very  weakly  viable  after  24 
hours  in  the  chromic-acid  solution.  Sixty-seven  per  cent  of  the  embryos 
of  dark-colored  caryopses  were  wholly  or  partly  disintegrated,  while  the 
other  33  per  cent  were  not  yet  exposed  by  the  disintegration  of  the  inner 
integument.  Light-colored  caryopses  were  much  less  resistant  than 
dark-colored  caryopses,  all  embryos  being  more  or  less  disintegrated  and 
only  a  small  distal  portion  of  the  endosperm  remaining  intact  in  several 
caryopses. 


2  io  Journal  of  Agricultural  Research  vol.  xxin,  no.  3 

Table  IV. — Resistance  of  the  coverings  of  Johnson  grass  caryopses  to  the  action  of  50  per 

cent  chromic  acid  i 


Seed  lot  37001. 


Condition  of  caryopses: 

Apparently  not  affected,  or  slightly  darkened 
or  mottled  over  embryo 

Portions  of  embryo  or  its  coverings  (espe- 
cially axial  organs)  more  or  less  darkened  or 
many  after  more  than  1  or  2  days'  treatment 
with  part  of  embryo  eaten  away 

Parts  of  endosperm  eaten  away  through  weak 
place  in  covering  on  flat  side,  usually  oppo- 
site the  embryo 

Germination  percentage  at  260  C. : 

1  day 

2  days 

3  days 


Total  germination  after  unscratched  period ; 


3  days  2 . 

4  days  2 . 
6  days  2 . 


Total  viable. 


Effect  of  varying  length  (days)  of  treat- 
ment with  chromic  acid. 


Per  ct. 


65 
3 
o 


Per  ct.     Per  ct. 

45    I2 


5o 


68 


40 

4 
o 


44 


32 
o 


100 


45 


12 

2 

I 


15 


15 


Per  ct. 

7 


Per  ct. 
2 


93 


98 


o 
o 
o 


Seed  lot  from  San  Antonio,  191 7. 

Effect  of  varying  length  (days)  of  treat- 
ment with  chromic  acid. 

0 

1 

2 

3 

5 

Condition  of  caryopses: 

Apparently  not  affected,  or  slightly  darkened 
or  mottled  over  embryo 

Per  ct. 

Per  ct. 
65 

34 
1 

Per  ct. 
26 

73 
1 

Per  ct. 
22 

■      78 

Per  ct. 
6 

Portions  of  embryo   or   its   coverings  (espe- 
cially axial  organs)  more  or  less  darkened  or 
many  after  more  than  1  or  2  days  treatment 
with  part  of  embryo  eaten  away 

Parts  of  endosperm  eaten  away  through  weak 
place  in  covering  on  flat  side,  usually  oppo- 
site the  embryo 

04 

Germination  percentage  at  260  C: 

1  day 

48 
II 

I 

44 

16 

1 

15 
6 
2 

8 

7 

2  days 

4 

t.  davs 

Total  germination  after  unscratched  period 2 . 

60 

61 

23 

15 

4 

t,  davs  2 

2 
0 
0 

0 

4  days  2 

40 
O 

2 
O 

1 
0 

0 

■6  days  2 

0 

Total  viable 

IOO 

63 

24 

17 

4 
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Table   IV. — Resistance  of  the  coverings  of  Johnson  grass  caryopses  to  the  action  of  50 

per  cent  chromic  acid — Continued 


Seed  lot  from  San  Antonio,  1916. 

Effect  of  varying  length  (days)  ol 
chromic  acid. 

treatment  with 

0 

1 

2 

3 

5 

7 

Condition  of  caryopses: 

Apparently   not   affected,   or   slightly 
darkened  or  mottled  over  embryo. . . 

Per  ct. 

Per  ct. 

73 

26 
1 

Per  ct. 

5° 

5° 
O 

Per  ct. 
24 

76 

Per  ct. 

7 

93 

Per  ct. 

Portions  of   embryo  or   its    coverings 
(especially  axial  organs)  more  or  less 
darkened  or  many  after  more  than  1 
or  2  days' treatment  with  part  of  em- 

Parts  of  endosperm  eaten  away  through 
weak  place  in  covering  on  flat  side, 
usuallv  opposite  the  embryo . 

Germination  percentage  at  260  C: 

1  day                                      

44 

19 
0 

60 

12 

0 

40 

s 

I 

12 
IO 

2 

Total  germination  after  unscratched 

63 

72 

46 

22 

2 

4 
O 
O 

0 
0 
0 

I 

36 

0 

1 

2 

0 

0 

O 

0 

Total  viable 

99 

75 

46 

26 

2 

I 

1  The  different  lots  are  arranged  in  the  order  of  increasing  difficulty  of  germination,  especially  before 
after-ripening. 
*  Embryos  scratched  at  end  of  second  or  third  day  with  a  bent  needle  to  induce  germination. 

Table  IV  shows  the  main  features  of  the  result  with  Johnson  grass 
caryopses.  These  were  remarkably  resistant  to  the  action  of  the  chromic 
acid.     The  following  points  deserve  special  mention: 

1.  The  resistance  of  the  different  lots  to  the  action  of  the  acid  increased 
with  increasing  difficulty  of  germination,  the  readiest  germinator  (No. 
37001)  being  most  rapidly  attacked  by  the  acid  and  the  poorest  germinator 
(San  Antonio,  191 6)  being  most  resistant. 

2.  The  action  of  the  acid  for  24  hours  or  a  longer  period  so  reduced  the 
resistance  of  the  coat  structures  that  practically  all  the  embryos  which 
were  still  viable  germinated  in  2  or  3  days  without  "scratching"  whereas 
about  40  per  cent  of  the  controls  failed  to  germinate  until  after  scratch- 
ing. In  the  most  resistant  lot  (San  Antonio,  1916)  the  percentage  which 
germinated  without  scratching  was  actually  increased  by  24  hours'  treat- 
ment. This  recalls  the  action  of  concentrated  sulphuric  acid  in  removing 
the  embryo  coverings  and  thus  inducing  prompt  and  complete  germination 
(1 5) .  In  the  case  of  the  chromic  acid  the  least  resistant  caryopses  were 
killed  within  the  first  24  hours,  but  a  larger  number  of  the  most  resistant 
caryopses  were  rendered  easily  germinable  by  the  action  of  the  acid. 

3.  The  percentage  of  viable  caryopses,  and  after  the  first  24  hours  the 
percentage  which  germinated  without  scratching,  decreased  progres- 
sively with  increased  length  of  time  in  the  chromic-acid  solution. 

4.  In  contrast  to  wheat  and  Sudan  grass  caryopses,  which  were  killed 
within  24  hours,  a  small  percentage  of  Johnson  caryopses  were  still  viable 
after  5  to  7  days. 
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A  few  Johnson  grass  caryopses  had  small,  less  resistant  areas  in  the 
coat  structures  on  the  flat  endosperm  side  opposite  the  embryo.  The 
chromic  acid,  penetrating  through  these  areas,  ate  small,  deep  holes  into 
the  endosperm.  Such  caryopses  usually  germinated  if  the  integument 
over  the  embryo  was  still  intact  and  the  embryo  itself  uncolored  by  the 
acid.  In  fact  even  the  starchy  endosperm  tissue,  on  account  of  its  very 
hard,  compact,  glassy  texture,  seemed  to  be  considerably  more  resistant 
to  the  corrosive  action  and  to  the  penetration  of  the  acid  than  was  true  of 
Sudan  grass  or  wheat  endosperms. 

Nearly  all  caryopses  which  germinated  after  treatment  with  chromic 
acid  belonged  to  the  first  class  shown  in  Table  IV  "apparently  not 
affected. "  Of  these  nearly  all  produced  strong  vigorous  seedlings  when 
the  length  of  the  treatment  did  not  exceed  two  days,  with  progressively 
weaker  seedlings  after  longer  treatments.  All  treated  caryopses  which 
germinated  only  after  scratching  produced  very  weak  seedlings,  while 
untreated  caryopses  which  were  brought  to  germination  by  scratching 
produced  as  vigorous  seedlings  as  those  which  germinated  without 
scratching. 

Microscopic  examination  of  sections  of  the  most  resistant  caryopses 
showed  the  imier  integument  and  the  closing  tissue  of  the  hilar  orifice 
intact  even  after  seven  days  treatment.  Frequently  the  outer  walls  of 
the  integument  cells  after  more  than  two  days'  treatment  were  thoroughly 
disintegrated  in  places  or  so  weakened  and  brittle  that  they  broke  away 
in  sectioning,  leaving  only  the  thick  inner  walls  covering  the  aleurone. 
All  pericarp  layers  were  present  in  places  except  after  the  very  longest 
treatments,  but  these  were  greatly  attacked  at  the  hilar  orifice,  micropyle, 
and  style,  usually  laying  bare  the  closing  tissue  and  sometimes  also  the 
micropyle  within  24  hours.  In  most  of  the  less  resistant  caryopses  small 
portions  of  the  integument  were  eaten  away  by  the  acid  before  coloring  or 
disintegration  of  the  underlying  tissue  began,  but  in  a  few  of  the  less 
resistant  and  several  of  the  more  resistant  caryopses  there  was  evidences 
of  local  penetration  of  the  acid  sufficient  to  cause  discoloration,  through 
intact  portions  of  the  integument.  The  integument  cells  were  on  the 
average  much  more  quickly  destroyed  over  the  embryo  than  elsewhere, 
so  that  after  several  days'  treatment  the  embryo  coverings  in  many 
caryopses  were  largely  gone  and  the  embryos  themselves  entirely  gone, 
leaving  at  the  proximal  end  of  the  caryopsis  only  the  integument  cells 
on  the  flat  side  and  the  closing  tissue  of  the  hilar  orifice.  From  such 
caryopses  were  obtained  the  integument  portions  from  which  figures  8 
and  9  were  drawn. 

RESISTANCE  TO  PENETRATION  OF  IODIN  SOLUTION 

Brown,  working  with  cereals  (3)  was  the  first  to  discover  the  existence 
of  a  nonliving,  semi-permeable  membrane  surrounding  any  seed.  He 
soon  discovered  (j,  4)  that  this  membrane  had  selective  qualities,  allow- 
ing many  solutes  to  pass  through  it  readily,  others  only  very  slowly,  and 
excluding  still  others.  Schroeder  (28)  discovered  a  similar  semi-permeable 
membrane  in  wheat  grains,  and  showed  that  this  membrane  admitted 
both  water  and  penetrant  solutes  mostly  around  the  embryo  and  little  if 
at  all  at  the  distal  end  of  the  grain.  Collins  (o)  confirmed  for  barley 
Schroeder's  result  with  wheat.  His  results  led  him  to  believe  that  the 
entry  of  both  water  and  solutes  took  place  almost  wholly  through  the 
micropyle,  which,  however,  he  was  unable  to  locate  exactly.  All  of 
these  authors  agree  that  iodin  passes  through  the  selective  permeable 
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membrane  in  question  more  readily  than  most  solutes,  but  Collins  con- 
cludes that  the  barley  grain  does  not  appear  to  possess  perfect  imperme- 
ability to  any  solute. 

To  test  the  resistance  of  the  coat  structures  of  Johnson  grass  caryopses 
to  the  penetration  of  iodin,  caryopses  of  the  lot  which  had  proved  to  be 
most  resistant  to  the  action  of  chromic  acid  and  of  Javelle  water  (San 
Antonio,  1916,  Table  III  and  IV)  were  immersed  in  a  ver)'  dilute  iodin 
potassium  iodid  (I2KI)  solution  for  three  days  and  then  tested  for 
germination  or  sectioned  for  microscopic  examination.  Since  both 
Johnson  grass  and  Sudan  grass  caryopses  usually  contain  starch  in  the 
embryos,  the  penetration  of  iodin  solution  in  these  can  be  observed  to 
better  advantage  than  in  the  cereals  with  their  starchless  embryos. 

About  4  per  cent  germinated  very  weakly  after  scratching  of  the  embryo 
with  a  needle.  In  these  the  needle  wound  healed,  with  darkening  of  the 
surrounding  cells,  much  as  in  normal  untreated  caryopses.  In  all  of 
these  germinable  caryopses  the  iodin  had  penetrated  the  coat  structures 
and  stained  the  underlying  starch,  either  locally  in  small  patches  of  the 
endosperm,  or  less  frequently  around  the  periphery  of  nearly  the  entire 
endosperm;  but  in  none  of  them  was  any  of  the  starch  in  the  embryo 
stained.  In  some  of  them  small  areas  of  the  embryo  or  of  the  endosperm 
portions  underlying  the  scutellum  stained  pinkish  brown,  possibly  from 
the  penetration  of  iodin  unaccompanied  by  the  potassium  ions  which  are 
necessary  for  the  formation  of  the  blue  starch-iodin  combination. 

In  the  majority  of  the  caryopses  which  failed  to  germinate,  both  of 
this  lot  and  of  No.  37001  treated  at  another  time  both  in  air-dry  con- 
dition and  after  soaking  in  water,  the  iodin  entered  and  stained  the 
starch  most  promptly  and  abundantly  along  the  margins  of  the  scutellum, 
staining  both  endosperm  and  embryo  starch.  The  stained  areas  gradu- 
ally spread  to  cover  the  whole  adjoining  surfaces  of  the  endosperm  and 
the  scutellum.  From  thence  the  stained  areas  advanced  to  the  central 
organs  of  the  embryo,  and  along  the  periphery  of  the  endosperm  from 
the  under  surface  of  the  scutellum  toward  the  distal  end  of  the  ca^opsis, 
thus  paralleling  in  general  the  course  described  by  Collins  for  barley. 
The  evidence  seems  to  indicate  that  the  iodin  entered  most  readily 
through  the  hilar  orifice,  or  the  micropyle,  or  both,  passing  at  once 
around  the  caryopsis  and  in  a  distal  direction  along  the  inner  surfaces  of 
the  aleurone  layer  and  of  the  scutellum.  The  passage  of  the  iodin  to  the 
middle  part  of  the  proximal  end  of  the  scutellum  and  to  the  adjoining 
starchy  endosperm  cells  seemed  to  be  retarded  by  the  intervening  large, 
empty  endosperm  cells  lying  between  the  hilar  orifice,  mircopyle,  and 
proximal  end  of  the  scutellum,  so  that  the  distal  end  of  the  scutellum, 
though  farther  removed  from  the  hilar  region,  became  stained  sooner 
than  the  proximal  end.  There  were  frequent  undoubted  cases  also  of 
local  penetration  of  the  iodin  in  some  abundance  through  the  uninjured 
integument.  The  iodin  always  passed  only  very  slowly  toward  the  center 
of  the  endosperm  in  a  radial  direction.  In  the  periphery  of  the  endos- 
perm the  extreme  distal  portion  was  almost  invariably  the  last  to  stain. 
The  penetration  even  around  the  embryo  was  not  rapid  enough  to  prevent 
the  germination  while  in  the  iodin  solution  of  about  16  per  cent  of  one 
lot  of  caryopses  which  had  previously  been  soaked  in  water  in  an  ice- 
box. Of  course  germination  proceeded  only  to  the  extent  of  breaking  the 
coverings  over  the  embryo,  after  which  the  embryos  were  promptly  killed. 
Sudan  grass,  wheat,  and  dent  corn  caryopses  were  soaked  in  weak 
I2KI  solution  and  examined  for  comparison  with  Johnson  grass  caryopses. 
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Only  uninjured  caryopses  were  used.  In  Sudan  grass  caryopses  the 
iodin  followed  the  same  course  as  in  Johnson  grass  caryopses  but  pene- 
trated at  the  proximal  end  nearly  twice  as  rapidly.  In  all  of  the  wheat 
grains  black  bands  appeared  round  at  least  a  part  of  the  base  of  the 
embryo  within  2  hours  and  spread  within  24  hours  around  and  under  the 
embryos  and  a  half  or  more  of  the  way  to  the  distal  end  of  the  grains. 
There  were  also  local  areas  of  penetration  elsewhere  in  a  few  grains. 
All  embryos  at  the  same  time  became  stained  light  brick  red.  In  the 
corn,  black  areas  appeared  within  a  very  short  time,  first  at  the  dent  then 
generally  at  various  points  scattered  over  the  grain.  At  the  end  of  24 
hours  a  thin  starch-stained  zone  just  within  the  coat  structures  covered 
the  entire  grains  except  the  thick  hull  at  the  extreme  proximal  end 
and  sometimes  a  portion  of  the  dent. 

It  is  evident,  therefore,  that  even  the  easily  penetrating  iodin  solution 
found  access  to  the  embryos  of  Johnson  grass  somewhat  more  difficult 
than  to  those  of  Sudan  grass  and  much  more  difficult  than  to  those  of 
wheat  and  corn. 

PENETRATION  OP  OTHER  SOLUTES;  POSSIBLE   EFFECT  UPON  GERMINATION 

In  2-molar  and  4-molar  solutions  of  sodium  chloride,  freshly  harvested 
Johnson  grass  caryopses  behaved  at  first  as  if  they  were  protected  by 
semipermeable  membranes,  imbibing  quantities  of  water  which  decreased 
with  increasing  concentration  of  the  solutions,  losing  water  when  trans- 
ferred from  the  weaker  solution  with  which  they  were  in  equilibrium  to 
the  stronger  solution,  and  taking  up  water  until  they  regained  their 
previous  weight  when  the  reverse  change  was  made.  For  some  time 
they  retained  their  viability  when  thinly  covered  with  the  salt  solution, 
but  by  the  end  of  several  weeks  they  had  taken  up  sufficient  salt  to  kill 
all  of  the  embryos. 

Immersion  of  the  freshly  harvested  caryopses  for  seven  days  in  molar 
solutions  of  potassium  sulphocyanid  (KCNS),  sodium  sulphocyanid 
(NaCNS),  and  lithium  nitrate  (LiN03)  killed  all  of  the  caryopses;  nearly 
all  were  killed  by  immersion  for  seven  days  in  molar  solutions  of  potas- 
sium nitrate  (KN03),  sodium  chlorate  (NaC103),  barium  sulphocyanate 
(Ba(CNS)2),  and  urea  (CO(NH,)2);  about  one-half  survived  seven  days' 
immersion  in  molar  solutions  of  lithium  suplhate  (Li2S04),  barium  nitrate 
(Ba(N03)2),  magnesium  nitrate  (Mg(N03)2),  and  potassium  tartrate 
(K2C4H4Oe).  Molar  solutions  of  other  salts  for  the  same  length  of  time 
caused  less  injury,  and  immersion  in  water  for  seven  days  caused  no  loss 
of  viability. 

Immersion  of  fully  after-ripened  caryopses  for  one  or  two  days  in  5  per 
cent  acetic  acid  (CH3COOH) ,  5  per  cent  hydrochloric  acid  (HC1) ,  5  per  cent 
ammonium  hydroxid  (NH4OH),  3  per  cent  alcoholic  potassium  hydroxid 
(KOH),  95  per  cent  alcohol,  acetone,  ether,  chloroform,  or  xylol  killed 
all  of  the  caryopses;  immersion  for  one  day  in  3  per  cent  sulphuric  acid 
(H2S04)  killed  80  per  cent  of  them ;  and  immersion  for  two  days  in  satu- 
rated calcium  chlorid  (CaCl2)  solution  killed  20  per  cent  of  them.  The 
controls  soaked  two  days  in  water,  were  uninjured.  All  of  the  solvents 
or  solutes  mentioned  in  this  paragraph  increased  the  subsequent  rate  of 
bleaching  of  the  thoroughly  washed  caryopses  with  Javelle  water  and  the 
rate  of  penetration  of  iodin  solution;  hydrates  had  the  most  effect,  fat 
solvents  next,  followed  by  acids  and  by  (CaCl2),  which  had  very  little 
effect. 
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COAT  CHARACTERS   IN   RELATION   TO    GERMINATION 

It  can  be  seen  from  the  preceding  section  that  many  solutes  of  various 
chemical  nature  pass  through  the  membranes  covering  Johnson  grass 
embryos.  It  has  also  been  shown  that  certain  chemical  treatments 
greatly  favor  germination.  These  treatments  include  removal  of  the 
coverings  over  the  embryo  by  means  of  concentrated  sulphuric  acid, 
treatment  with  chromic  acid  for  a  long  enough  time  to  weaken  these 
coverings  without  killing  the  embryo,  treatment  with  mercury  salts, 
subjection  to  atmospheres  with  high  concentration  of  carbon  dioxide, 
and  etherization  (75,  16).  Furthermore,  certain  of  the  salts  mentioned 
in  the  preceeding  section  which  were  toxic  in  molar  solutions  slightly 
stimulated  germination  when  used  in  tenth  to  hundred  thousandth  molar 
solutions  and  hydrogen  peroxid  in  proper  concentrations  is  also  an  effi- 
cient forcing  agent. 

The  question  arises:  Do  the  beneficial  effects  of  these  chemical  treat- 
ments result  from  stimulation  of  the  embryo  protoplasm  or  from  the 
remeval  or  lessening  of  coat  restrictions  ?  If  the  latter  they  may  produce 
the  effects  observed  either  by  increasing  the  permeability  of  the  coat 
structures  to  solutes,  thus  admitting  oxygen  or  releasing  inhibitors  which 
are  held  by  them,  or  by  decreasing  the  mechanical  resistance  of  the  coat 
structures  to  the  expansion  of  the  embryo. 

Denny  {13)  has  shown  that  tannins,  lipoids,  and  pectic  substances 
greatly  decrease  the  permeability  to  water  of  seed  coats  which  are  im- 
pregnated with  them,  while  suberized  membranes  were  not  significant 
in  the  seeds  which  he  studied  except  as  these  membranes  became  impreg- 
nated with  fatty  substances,  which  he  showed  did  decrease  their  per- 
meability. 

The  pectic  substances  and  hemicellulose  in  the  coat  structures  of  Sudan 
grass  caryopses  including  the  inner  integument  indicate  that  these  mem- 
branes would  probably  take  up  water  slowly,  but  in  larger  total  amount 
than  those  of  Johnson  grass,  thereby  becoming  more  distended,  with  a 
greater  weakening  of  their  mechanical  resistance.  The  greater  abun- 
dance of  tannin  and  of  suberin  and  its  associated  fatty  substances  in  the 
coat  structures  of  Johnson  grass,  on  the  other  hand,  would  tend  to  limit 
the  total  amount  of  water  which  they  are  able  to  absorb  and  their  per- 
meability to  water  and  to  substances  in  aqueous  solution  below  the  level 
obtaining  for  Sudan  grass  but  should  not  effect  the  total  amount  of  water 
which  might  in  course  of  time  pass  through  them  if  the  embryo  and 
endosperm  were  able  to  absorb  it.  These  limitations  would  reach  their 
maximum  in  the  inner  walls  of  the  inner  integument  and  in  the  closing 
tissue  of  the  hilar  orifice. 

Johnson  grass  caryopses,  either  in  the  scales  or  with  the  scales  removed, 
take  up  water  so  rapidly  that  limited  permeability  of  their  coverings  to 
water  can  not  be  considered  as  a  possible  cause  of  their  dormancy  and 
germination  physiology.  In  fact  the  freshly  harvested,  dormant,  naked 
caryopses  absorb  water  when  immersed  in  it  so  that  their  total  moisture 
content  is  about  50  per  cent  of  their  dry  weight  at  the  end  of  24  hours, 
after  which  small  amounts  are  absorbed.  So  far  as  water  intake  is  con- 
cerned, therefore,  the  coat  structures  need  be  considered  only  as  possibly 
limiting  by  their  physical  resistance,  the  total  amount  of  water  imbibed 
by  the  caryopses. 

It  is  probable,  however,  that  the  substances  which  Denny  (13)  found 
limiting  the  permeability  of  membranes  to  water  would  also  decrease 
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their  permeability  to  substances  in  aqueous  solution.  We  have  shown 
that  this  is  true  so  far  as  the  effect  of  lipoid  substances  upon  the  penetra- 
tion of  I2KI  solution  is  concerned.  If  on  account  of  restricted  permeabil- 
ity metabolically  developed  inhibitors  to  germination  were  prevented 
from  escaping  from  the  embryo  as  suggested  by  Kidd  (20)  and  by  Maze 
(23,  24),  or  if  the  concentration  of  oxygen  within  the  embryo  were  thus 
maintained  below  minimum  required  for  germination,  dormancy  would 
result. 

It  has  been  shown  (16)  that  carbon  dioxid  in  a  wide  range  of  concen- 
tration forces   the  germination  of  dormant  Johnson  grass  caryopses, 
showing  that  Kidd's  earlier  hypothesis  which  indeed  he  and  West  (21) 
modified  in  a  latter  paper,  does  not  apply  in  this  case.     We  have  found, 
furthermore,  that  increased  partial  pressures  of  oxygen  in  the  atmosphere 
or  even  very  high  oxygen  pressures  are  not  effective  in  forcing  the 
germination  of  Johnson  grass.     Limited  oxygen  supply,  therefore,  does 
not  seem  to  play  the  role  here  that  has  been  shown  for  dormant  wild 
oats  (j)  Xanthium  (10,  29)  and  other  seeds;  the  forcing  action  of  hydro- 
gen peroxid  on  the  germination  of  Johnson  grass  must  apparently  have 
some  other  explanation  than  increasing  the  oxygen  supply  of  the  embryo. 
As  for  Maze's  hypothesis  of  acetic  aldehyd  as  an  inhibitor  to  germina- 
tion Brown  (4),  Schroeder  (28),  Collins  (0),  and  Brown  and  Tinker  (5,  6) 
have  shown  that  acetic  aldehyd  and  smilav  compounds  pass  through  the 
selective  permeable  membranes  of  wheat  and  barley  rather  readily.     In 
our  own  work  ether,  acetone,  chloroform,  95  per  cent  alcohol,  and  Xylol 
all  entered  Johnson  grass  caryopses  in  24  hours  at  room  temperature  in 
sufficient  quantity  to  kill  the  embryos.     It  is  highly  improbable,  therefore, 
that  acetic  aldehyd  would  be  kept  in  by  the  coats  in  sufficient  concentra- 
tion to  hold  the  caryopses  in  a  dormant  condition  for  months  or  years  under 
good  conditions  of  moisture  and  aeration,  as  we  have  found  to  be  the  case 
with  Johnson  grass  caryopses.     The  force  of  this  argument  is  increased 
when  we  consider  that  if  acetic  aldehyd  is  present  in  the  caryopses  it  is 
there  as  a  product  of  respiratory  activities,  and  that  respiration  is  on  a 
very  low  level  in  the  dormant  caryopses.     If  there  were  other  possible 
water-soluble   inhibitors  present  in  the  embryos,  the  same  logic  would 
apply  to  their  removal. 

If  we  turn  now  to  the  possible  explanation  of  coat  effects  as  related  to 
the  swelling  of  the  embryo,  we  find  the  following  situation:  Sulphuric 
acid  removes  the  coat  structures;  chromic  acid  weakens  them;  mercury 
salts  probably  tend  to  coagulate  the  coat  colloids  and  may  thus  weaken 
the  coat  structures;  lipoid  solvents  dissolve  a  part  at  least  of  the  lipoid 
substances  with  which  they  are  impregnated,  thus  increasing  their  per- 
meability and  probably  also  weakening  their  physical  resistence;  and 
salts  other  than  those  of  mercury  which  increase  germination  (chlorates, 
sulphates,  nitrates,  sulphyocyanates)  tend  to  increase  the  hydration  of 
colloids  and  may  thus  weaken  the  coat  structures.  All  these  substances 
might  be  supposed  to  produce  their  beneficial  effects  upon  germination, 
in  part  at  least,  b)"  altering  coat  colloids.  This  can  hardly  be  the  case, 
however,  with  carbon  dioxide,  which  probably  passes  through  the  peri- 
carp and  integument  in  solution  and  acts  upon  the  embryo  itself.  Un- 
doubtedly also  all  of  the  other  substances  which  have  been  shown  to 
stimulate  germination  pass  through  the  covering  membranes  of  the  cary- 
opses at  least  in  very  limited  amounts.     These  membranes  apparently 
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are  not  completely  impermeable  to  any  solute.  These  substances,  even 
the  highly  toxic  salts  of  mercury,  may  therefore  reach  the  embryo  in 
exceedingly  small,  subtoxic  or  only  slightly  toxic  doses — much  weaker 
than  the  solutions  in  which  the  caryopses  are  soaked — and  stimulate  it 
into  growth.  Moreover,  treatment  of  freshly  harvested  Johnson  grass 
caryopses  with  tenth  molar  to  hundred  thousandth  molar  solutions  of 
hydrochloric,  acetic,  oxalic,  citric,  and  tartaric  acids  and  of  sodium 
hydrate — all  of  which  are  colloid  hydrators— did  not  increase  their  ger- 
mination as  we  should  expect  if  decreasing  the  coat  resistance  by  increas- 
ing the  hydration  of  coat  colloids  were  the  only  factor  involved. 

Apparently  with  chromic  acid  the  treatments  which  stimulate  ger- 
mination are  such  as  just  fall  short  of  serious  injury,  exactly  as  Kidd  and 
West  (21)  reported  for  dormant  white  mustard  seed  with  a  number  of 
stimulating  agents,  which  are  not  classifiable  under  any  other  head. 
Also  some  at  least  of  the  other  substances  which  increase  germination 
are  toxic  to  the  intact,  dormant  caryopses  if  employed  in  too  great  con- 
centration. In  the  case  of  the  wounding  of  the  scutellum  with  a  needle 
there  is  always  definite,  concrete  evidence  of  a  reaction  of  the  living  pro- 
toplasm in  the  prompt  darkening  (probably  from  suberizatiou)  of  the  cell 
walls  along  the  wound  surfaces.  This  reaction  takes  place  only  slowly  if 
at  all  in  dead  embryos  when  these  are  scratched. 

The  argument  set  forth  in  the  preceding  paragraph  might  lead  to  the 
hypothesis  that  the  favoring  effect  of  various  treatments  upon  germina- 
tion is  entirely  the  result  of  stimulation  of  the  embryo  protoplasm.  This 
hypothesis,  however,  leaves  unexplained  one  important  earlier  obser- 
vation {15).  If  the  distal  ends  of  the  dormant  caryopses  are  cut  off 
just  back  of  the  ends  of  the  embryos  and  the  embryo  portions  are 
put  to  germinate,  the  following  reactions  ensue.  First,  a  slight  disten- 
sion of  the  starchy  endosperm  beyond  the  edges  of  the  cut  surfaces  of 
the  coat  structures;  second,  after  a  day  or  two  the  cells  of  the  epithelial 
layer  of  the  scutellum  begin  to  elongate  in  the  region  of  the  cut  surface 
and  the  digestion  of  the  starch  begins  in  the  endosperm  cells  underlying 
such  areas  of  elongation  exactly  as  in  the  early  stages  of  normal  germina- 
tion of  inmutilated  caryopses;  third,  a  few  days  later,  normal  germination. 

The  most  probable  explanation  of  this  set  of  phenomena  is  the  effect  of 
an  increased  swelling  capacity  of  the  embryo  due  to  the  reduction  of  the 
mechanical  pressure  upon  it,  this  time  working  from  behind  the  embryo 
and  effecting  it  more  slowly  than  when  the  coverings  were  removed  from 
the  embryo  itself.  To  be  sure,  the  radicle  and  epicotyl  break  through 
their  coverings  when  germination  occurs  exactly  as  in  the  germination  of 
unmutilated  caryopses,  but  as  the  result  of  growth  forces  which  are  greater 
than  the  imbibitional  force  of  the  partially  imbibed  embryo,  and  which 
could  not  be  initiated  so  long  as  the  swelling  of  the  embryo  was  greatly 
restricted.  And  it  has  been  shown  in  a  previous  section  (see  p.  205)  that 
the  embryos  of  dormant  imbibed  caryopses  are  not  completely  satisfied 
with  water.  Theoretically  increased  oxygen  supply  to  the  embryo  or 
the  removal  of  an  inhibitor  to  germination  may  play  a  part  also,  but  the 
theory  of  increased  imbibition  seems  much  more  plausible. 

Cereals  and  other  grasses  which  were  not  after-ripened  have  been  in- 
duced to  germinate  by  this  method  of  cutting  the  grain  in  two  just  back 
of  the  embryo.  Others  (2,  18)  also  have  induced  germination  of  cereals 
which  were  not  after-ripened  by  wounding  the  endosperm,  and  have 
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attributed  the  result  to  effects  upon  oxygen  or  water  absorption.  To  be 
sure,  Kiessling  (22)  reported  that  coating  the  wounded  endosperms 
with  substances  which  he  claims  prevented  increased  imbitition  as  a 
result  of  the  wounding  did  not  prevent  the  stimulating  effect  upon 
germination  and  used  this  fact  in  support  of  his  "stimulus"  hypothesis. 
But  it  is  difficult  to  accept  this  hypothesis,  because  the  only  avenue  for 
the  transmission  of  such  a  stimulus  to  the  embryo  through  the  medium 
of  living  ceils  appears  to  be  along  the  aleurone  layer,  and  even  this 
path  is  interrupted  along  the  adjoining  faces  of  the  scutellum  and 
endosperm  by  a  mass  of  compressed  nonliving  endospermic  cell  walls. 
Furthermore,  in  our  experiments  with  Johnson  grass  caryopses  the 
first  evidences  of  vital  and  enzymic  action  were  observed,  not  where  the 
aleurone  approaches  the  scutellum — that  is,  at  the  extreme  distal  end 
of  the  scutellum,  but  in  the  area  nearest  to  the  cut  surface — that  is, 
several  epithelial  cells  from  the  extreme  distal  end. 

There  is  one  strong  indication  that  the  coat  structures  are  more  or 
less  directly  responsible  for  the  dormancy  and  germination  physiology 
of  Johnson  grass  caryopses  independently  of  any  effect  upon  the  embryo 
protoplasm  of  the  operation  of  removing  or  weakening  these  structures, 
namely,  the  correlation  which  has  been  shown  in  previous  sections 
between  the  resistance  of  these  structures  to  certain  reagents,  on  the 
one  hand,  and  the  germination  of  the  fresh  caryopses,  on  the  other. 
That  differences  in  these  coat  structure  occur  as  between  different  kinds 
of  seed  with  different  germination  requirements  might  be  wholly  inci- 
dental and  irrelevant.  But  when  in  addition  similar  differences  occurring 
in  different  lots  of  the  same  kind  of  seed  parallel  in  a  logical  manner 
differences  in  germination  under  identical  external  conditions,  the 
parallelism  can  hardly  be  without  significance.  These  considerations 
suggest  that  the  inhibitory  effect  of  the  unusually  tough  and  compact 
coverings  of  the  embryo  may  be  related  primarily  to  a  purely  physical 
restriction  of  the  imbibitional  swelling  of  the  embryo,  especially  its 
axial  organs,  a  restriction  which  is  enhanced  by  the  location  of  these 
organs  almost  wholly  enveloped  by  the  massive  wings  of  the  scutellum 
and  is  increased  also  by  the  pressure  of  the  tight-fitting  scales  within 
which  the  ca^opses  are  inclosed.  That  such  a  physical  restriction  is 
paralleled  by  a  decrease  in  permeability  of  the  coat  structures  and  an 
increase  in  their  resistance  to  chemical  attack  is  entirely  natural,  since 
the  tensile  strength,  elasticity,  and  extensibility  of  the  coat  structures  is 
determined  by  the  degree  of  drawing  together  of  the  individual  elements 
and  the  degree  of  their  impregnation  with  substances  which  are  insoluble 
in  water  and  which  confer  relative  impermeability.  It  should  be  stated; 
however,  that  actual  proof  of  this  hypothesis,  which  relates  the  tardy 
germination  of  Johnson  grass  seeds  to  restricted  imbibition  by  their 
embryo,  is,  in  fact,  wanting.  As  already  pointed  out,  certain  facts 
indicate  that  other  factors,  perhaps  involving  direct  stimulation  of  the 
embryo  protoplasm,  enter  into  the  forcing  of  their  germination  by 
chemical  reagents.  A  sharp  distinction  should  be  maintained  between 
mechanical  and  chemical  forcing  of  germination  even  when,  as  here,  the 
same  kind  of  seeds  is  used  in  both  cases.  The  fundamental  explanation 
may  be  quite  different  in  the  two  cases. 
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SUMMARY 

(1)  Johnson  grass  seed  is  markedly  dormant  when  first  matured  under 
ordinary  conditions  of  storage,  requires  a  number  of  months  for  com- 
plete after-ripening,  and  even  when  fully  after-ripened  will  not  germinate 
completely  except  with  the  use  of  alternating  temperatures  in  a  very 
warm  temperature  range.  Seeds  of  its  close  taxonomic  relative,  Sudan 
grass,  germinate  freely  with  a  wide  range  of  temperature  either  constant 
or  alternating,  and  without  the  intervention  of  any  considerable  period 
of  after-ripening. 

(2)  Johnson  grass  caryopses  are  invested  in  the  fruit  with  very  hard, 
tight,  usually  darkly  pigmented  scales  (glumes),  the  removal  of  which 
accelerates  the  germination  of  the  caryopses  and  increases  their  ger- 
minating capacity. 

(3)  The  coverings  of  the  naked  mature  caryopses  of  both  grasses  con- 
sist of  the  fused  pericarp  and  inner  integument,  the  outer  integument 
and  nucellus  having  entirely  disappeared,  with  the  possible  exception 
of  a  portion  of  the  latter  over  the  micropyle.  The  complete  or  partial 
removal  of  these  coverings  over  Johnson  grass  embryos  induces  prompt 
and  complete  germination  even  of  freshly  matured  caryopses,  and  under 
the  temperature  conditions  for  the  germination  of  Sudan  grass  seed. 

(4)  The  pericarp  of  both  kinds  of  caryopsis  consists  of  a  continuous 
outer  epidermis,  a  fragmented  inner  epidermis,  and  several  intermediate 
layers  of  loosely  arranged  cells.  One  of  these  layers  frequently  contains 
starch.  The  outer  epidermis  does  not  have  especially  thick  walls  and  is 
easily  broken.  The  pericarp  tissue  breaks  jaggedly  at  the  pedicel  when 
the  caryopsis  is  removed  from  the  scales,  thus  opening  a  passage  for 
solutes  into  the  pericarp  tissue  clear  to  the  inner  integument. 

(5)  The  inner  integument  of  both  kinds  of  caryopses  is  highly  developed 
and  of  large  cells  with  very  thick,  darkly  pigmented  inner  walls. 

(6)  The  micropyle  is  usually  completely  closed  by  a  massive,  recurved 
development  of  die  inner  integument. 

(7)  The  large  circular  hilar  orifice  contains  no  vascular  elements,  con- 
duction from  the  vascular  bundle  of  the  pedicel  and  outer  layers  of  the 
pericarp  over  the  hilar  region  being  by  means  of  parenchymatous  pericarp 
tissue  which  entirely  fills  the  hilar  orifice,  and  is  fused  with  the  inner  integ- 
ument at  the  hilar  margins. 

(8)  A  zone  of  this  conducting  pericarp  tissue  lying  just  outside  the 
hilar  orifice  and  including  the  elements  which  are  fused  with  the  inner 
integument  becomes  greatly  contracted  radially  and  darkly  pigmented 
during  the  maturation  of  the  caryopsis.  This  pigmented  zone  of  the 
pericarp  and  the  inner  integument  together  constitute  for  the  caryopsis 
an  unbroken  investment  which  is  extremely  resistant  to  the  action  of 
Javelle  water  and  of  chromic  acid  and  has  the  quality  of  selective  per- 
meability, though  it  probably  does  not  exclude  any  solute  entirely. 
Penetrant  solutes  (iodin  solution)  enter  much  more  readily  at  the  proxi- 
mal end  of  the  caryopsis,  probably  through  the  hilar  orifice,  than  else- 
where, but  they  also  frequently  enter  locally  in  other  places. 

(9)  The  coverings  of  Sudan  grass  caryopses  are  more  fragile  and  their 
embryos  are  less  tightly  inclosed  and  are  so  situated  as  to  be  more  ex- 
posed to  mechanical  injury  than  is  the  case  with  Johnson  grass  caryopses. 

(10)  The  coverings  of  the  caryopses  are  thicker  over  the  hilar  and  mi- 
cropylar  regions  and  in  front  of  the  point  of  the  radicle  in  Johnson  grass 
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caryopses  than  in  Sudan  grass  caryopses,  this  difference  being  related  to 
the  more  forward  exposed  position  of  the  Sudan  grass  embryos.  In 
other  regions  the  coverings  of  Sudan  grass  caryopses  are  thicker  than 
those  of  Johnson  grass  caryopses  but  are  less  compact  and  less  darkly 
pigmented  and  offer  less  effective  insulation  to  the  embryo. 

(n)  The  coverings  of  Johnson  grass  caryopses  are  much  more  resist- 
ant to  the  bleaching  action  of  Javelle  water  and  the  corrosive  action  of 
chromic  acid  and  are  somewhat  less  readily  penetrated  b}r  iodin  than  are 
those  of  Sudan  grass  caryopses.  The  lots  of  Johnson  grass  caryopses 
which  are  most  resistant  to  the  action  of  Javelle  water  and  of  chromic 
acid  are  most  deeply  dormant  when  fresh  and  most  resistant  to  germi- 
nation when  after-ripened. 

(12)  The  coverings  of  wheat  caryopses  are  less  resistant  to  the  action 
of  chromic  acid  than  are  those  of  Sudan  grass  caryopses. 
•    (13)  The  coverings  of  wheat  and  corn  are  more  readily  permeable  to 
iodin  than  are  those  of  Sudan  grass  caryopses. 

(14)  Soaking  Johnson  grass  caryopses  in  lipoid  solvents  kills  the  em- 
bryos and  at  the  same  time  increases  the  rate  of  the  subsequent  pene- 
tration of  iodin  and  the  rate  of  subsequent  bleaching  in  Javelle  water. 

(15)  The  inner  integument  and  the  various  layers  of  the  pericarp  of 
Johnson  grass  all  contain  tannin  compounds,  and  all  are  highly 
suberized,  especially  the  inner  wall  of  the  inner  integument,  which  con- 
sists of  suberin  impregnated  with  fats  and  to  which  is  due  the  great  re- 
sistance of  the  caryopses  to  the  action  of  chromic  acid.  Probably  tannin, 
suberin,  and  lipoids  all  increase  the  strength  and  diminish  the  extensi- 
bility of  the  coat  membranes  and  decrease  their  permeability  to  solutes, 
and  probably  all  are  related  to  the  inhibiting  effects  of  the  coverings  of 
the  caryopsis  upon  germination. 

(16)  While  this  hypothesis  is  not  subject  to  exact  proof  it  seems  prob- 
able that  the  character  of  the  coverings  of  Johnson  grass  caryopses  limits 
the  imbibitional  swelling  of  the  embryos  and  thus  keeps  their  water  con- 
ten  1  below  the  minimum  required  for  the  inception  of  germination  at 
relatively  low  and  constant  temperatures.  Removal  of  the  distal  ends,  ex- 
posing the  caryopses  to  increased  imbibition,  induces  enzymic  activity  in 
the  scutellum  followed  by  germination,  reversing  the  order  which  char- 
acterizes normal  germination.  It  is  possible  that  inhibitory  substances  are 
held  within  the  coats  and  that  these  maintain  the  embryo  in  a  dormant 
condition.  The  effective  forcing  agents  may  oxidize  or  precipitate  these 
substances,  or  they  may  modify  the  permeability  of  the  coat  structures 
so  they  can  diffuse.  Breaking  the  coat  structures  would  also  lead  to  the 
exit  of  such  materials. 

(17)  Chemical  treatments  which  increase  the  germination  of  Johnson 
grass  and  the  wounding  of  the  embryo  may  involve  both  a  reduced  re- 
sistance of  the  embryo  coverings  to  imbibition  and  a  direct  stimulus  to 
the  embryo  protoplasm. 
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PROBABLE  CAUSE  OF  THE  TOXICITY  OF  THE  SO-CALLED 

POISONOUS  GREENSAND  * 

By  J.  W.  Kelly 

Chemical  Laboratorian,  Office  of  Drug,  Poisonous,  and  Oil  Plant  Investigations,  Bureau 
of  Plant  Industry,  United  States  Department  of  Agriculture 

PURPOSE  OF  THE  INVESTIGATION 

In  an  article  by  True  and  Geise  2  the  authors  mention  a  poisonous 
variety  of  greensand  located  at  Courtland,  Va.  It  was  found  that  when 
greensand  from  this  deposit  was  applied  to  plants,  even  in  small  quan- 
tities, the  plants  were  unfavorably  affected,  while  greensand  from  other 
deposits  was  beneficial. 

Since  the  valuable  potassium  content  of  this  so-called  poisonous  green- 
sand is  as  high  and  as  easily  available  as  that  found  in  the  other  deposits, 
it  was  thought  advisable  to  make  a  more  complete  study  of  this  variety 
with  a  view  to  discovering  its  poisonous  constituents,  and  if  possible  to 
find  some  means  of  overcoming  the  unfavorable  feature,  thereby  render- 
ing useful  this  and  other  deposits  that  might  show  similar  properties. 

CHEMICAL  ANALYSES  OF  TOXIC  AND  NONTOXIC  GREENSAND 

For  the  purpose  of  comparing  the  toxic  greensand  with  the  nontoxic 
greensands,  chemical  analyses  were  made  of  deposits  from  Redbank, 
N.  J.,  and  Newcastle,  Va.,  in  addition  to  that  from  Courtland.  The 
material  used  for  these  analyses  was  obtained  from  the  same  deposits 
as  those  studied  by  True  and  Geise,  and  the  analyses  were  made  with 
great  care.     The  results  are  given  in  Table  I. 

Table  I. — Analyses  of  greensand  from  New  Jersey  and  Virginia 


Constituents. 


Si02 

SO., 

CaO 

MgO 

Mn,03 

P20S 

Fe2Os 

FeO 

ALO3 

Cr2Os 

NiO 

Free  sulphur . 


K,0.. 
Na20. 


Courtland,  Va. 


Per  cent. 

60.14 

•53 

1.23 

4.10 

.28 

Trace. 

13.60 

7-56 

8.06 

Strong  trace. 

do...... 

Present  in 
appreci- 
able quan- 
tity. 

4.76 
•7i 


Newcastle. 
Va. 


Per  cent. 

39-83 
2.01 

IO.42 

I.74 

I.02 

•54 

14.08 

4.89 

10.04 

Absent. 

..do 

..do 


2. 10 
•49 


Red  Bank. 
N.J. 


Per  cent. 

56.07 

Absent. 

4.62 

1.80 

Trace . 

•95 
12.00 

8.28 

7.02 

Absent. 

..do.... 

..do.... 


7-63 
•47 


Remarks. 


Analysis  made  by  using  20  per 
cent  hydrochloric  acid  and 
digesting. 


Free  sulphur  removed  by  suc- 
cessive extraction  with  ether 
and  recrystallization. 


1  Accepted  (or  publication  July  a,  1921. 

2  True,  Rodney  H.,  and  Geise.  Fred  W.    experiments  on  the  value  of  greensand  as  a  source 
op  potassium  for  plant  culture.     In  Jour.  Agr.  Research,  v.  15,  no.  9,  p.  483-492,  pi.  33-34.     1918. 
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An  examination  of  Table  I  shows  that  the  only  elements  found  in 
the  Courtland  greensand  which  were  not  present  in  the  other  two  were 
chromium,  nickel,  and  sulphur,  and  it  might  therefore  be  concluded  that 
these  were  responsible  for  the  toxic  action.  Such,  however,  does  not 
appear  to  be  the  case,  since  an  analysis  of  1,000  gm.  of  the  Courtland 
greensand  showed  only  0.63  gm.  chromium  oxid,  0.2504  gm.  nickel  oxid, 
and  1.6  gm.  free  sulphur.  It  must  be  stated,  however,  that  with  the 
large  percentage  of  iron  and  aluminum  present  it  was  difficult  to  esti- 
mate the  small  quantity  of  chromium  and  nickel,  and  a  close  approxi- 
mation is  all  that  is  claimed  for  the  figures  here  given.  The  part  that  free 
sulphur  may  play  seems  doubtful.  Plants  treated  with  a  quantity  of 
sulphur  corresponding  to  that  found  in  the  toxic  greensand,  when  mixed 
with  the  nontoxic  greensands,  failed  to  show  any  ill  effects,  yet  it  is 
possible  that  sulphur  in  intimate  contact  with  some  of  the  other  elements 
concerned  may  be  harmful.  The  Courtland  greensand,  however,  was 
still  toxic  to  plants  after  the  free  sulphur  had  been  removed. 

The  ferrous  and  ferric  salt  content  differed  but  slightly  in  the  three 
deposits,  while  the  manganese  content  was  much  higher  in  the  nontoxic 
Newcastle  greensand  than  in  the  other  two,  and  the  calcium  salt  much 
less  in  the  Courtland  variety  than  in  either  of  the  others. 

EFFECT  OF  WATER-SOLUBLE  SALTS  OF  GREENSAND  ON  GROWTH 

OF  PLANTS 

To  determine  which  compounds  were  water-soluble,  and  thus  available 
to  plants,  portions  of  each  variety  of  greensand  were  suspended  in  distilled 
water,  constantly  stirred  for  12  hours  by  a  mechanical  stirrer,  and  the 
solutions  were  filtered,  concentrated,  and  analyzed.  The  results  are 
given  in  Table  II. 

Table  II. — Analyses  of  washings  of  greensand  from  New  Jersey  and  Virginia 


Constituents. 


Si02 

S03 

CaO 

MgO ' 

Mn203 

P2O5 

Na20 

K20 

Organic  or  volatile  substances. 


Courtland,  Va. 


Per  cent. 
60.  17 
2.  19 

I-52 
2.36 

1.  18 

Trace. 
1.05 

2.  01 


Newcastle,  Va. 


Pet  cent. 

32.83 

2.  OI 

l8.  42 

1.74 

I.  02 

•54 

•49 
1.  10 

9.07 


Red  Bank,  N.  J. 


Per  cent. 

44-03 
5- 40 

7,70 
I.  90 

•52 

•  94 

•  49 
1.  27 

I3-9I 


Plants  grown  in  these  washings  were  healthy  and  vigorous  for  three 
weeks,  after  which  it  was  observed  that  those  in  the  Courtland  washings 
began  to  lag  behind,  and  in  another  week  they  were  dead.  It  will  be 
observed  (Table  II)  that  the  washings  from  the  Courtland  greensand 
showed  a  greater  solubility  of  manganese  than  the  washings  from  either 
of  the  others,  although  the  manganese  content  as  shown  in  Table  I  was 
greatest  in  the  Newcastle  greensand.  Table  II  shows  also  that  the  cal- 
cium is  much  less  in  the  washings  from  the  Courtland  greensand  than 
from  either  of  the  others. 

From  these  data  it  was  thought  that  the  toxicity  of  the  Courtland 
greensand  might  be  due  to  manganese,  iron,  or  aluminum  in  the  absence 
of  lime. 
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Since  greensand  is  a  mixture  of  glauconite,  shell  marl,  and  other  adher- 
ing elements,  it  was  desirable  to  determine  the  percentage  of  glauconite 
in  each  of  the  three  deposits  and  test  its  action  upon  the  growth  of  plants. 
The  separations  were  made  by  washing  off  the  light  materials  in  the 
greensand.  From  the  residue  containing  glauconite  and  other  heavy 
materials  the  glauconite  was  separated  in  a  relatively  pure  state  by 
means  of  a  magnet.3  The  washings  were  evaporated  to  dryness  on  the 
steam  bath  and  dried  to  constant  weight  in  an  oven.  The  results  are 
given  in  Table  III. 

Table  III. — Mechanical  analyses  of  greensand  from  New  Jersey  and  Virginia 


Source. 


Courtland,  Va. 
Newcastle,  Va. 
Redbank,  N.  J 


Weight  of 
greensand 
airdried. 


Gm. 

62.3350 
36.8440 
41.8820 


Glauconite. 


Gm. 

40.3420 
5.4028 
6.4290 


Per  cent 
64.72 
14.6 
15.0 


Residue. 


Per  cent. 

35-28 
85.40 
85.00 


From  Table  III  it  will  be  observed  that  the  Courtland  greensand  con- 
tained much  the  highest  percentage  of  glauconite. 

The  chemical  composition  of  the  samples  of  glauconite  thus  obtained 
and  of  the  untreated  toxic  greensand  is  shown  in  Table  IV. 

Table  IV. — Comparative  analyses  of  glauconiie  and  toxic  greensand 


Si02. . . 
S03... 
CaO... 
MgO. .. 
Mn203. 


Constituents. 


P2Os. 

Fe203 

A1203 

Cr2Os 

NiO 

Free  sulphur. 

K20 

NaaO 


Glauconite. 


Courtland,  Va. 


Per  cent. 

5I-52 
.04 

•72 
2.  OO 

Trace. 

25-37 

3-95 

Absent. 

...do 

...do 

6.  29 
•63 


Newcastle,  Va. 


Per  cent. 

49.46 

.  02 

.24 

4.  IO 

.64 

•51 

24.65 

6.08 
Absent. 
...do.... 
...do 


7.  10 
•56 


Red  Bank, 
N.J. 


Per  cent. 

48.  26 

.  02 

2.49 

I.80 

•15 
I.  64 

24-95 
7.  02 

Absent . 

...do 

...do 

7.08 

•47 


Toxic  green- 
sand. 


Per  cent. 

60.  14 

•53 
I.23 
4.  IO 

.28 

Trace. 

20.  19 

8.06 

Trace. 

Do. 

Do. 

4.76 

•7i 


Solutions  were  made  from  the  various  samples  of  glauconite  by  digest- 
ing with  20  per  cent  hydrochloric  acid  until  digestion  was  complete, 
evaporating  to  dryness,  heating  to  dull  red  heat,  and  dissolving  the  resi- 
due in  dilute  hydrochloric  acid.  These  were  made  up  to  500-cc.  volume 
each. 

Fifty  cc.  of  each  of  these  solutions,  were  made  neutral  with  ammonia 
and  placed  in  a  250-cc.  Erlenmeyer  flask  with  sufficient  distilled  water 


*  Ashley,  George  H.    notes  on  the  greensand  deposits  of  the  eastern  united  states.    In  U.  S. 
Geol.  Survey  Bui.  660,  p.  37-49,  fig.  1.  pi-  2.     1918. 
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to  make  250  cc.  Paraffined  corks,  through  which  a  small  hole  had  been 
bored,  were  placed  in  the  necks  of  the  flasks.  Corn  seedlings  were 
placed  on  the  corks  so  that  the  roots  passing  through  the  holes  were  well 
covered  with  the  liquid.  At  the  end  of  24  hours  the  seedlings  in  all  the 
cultures  were  dead.  The  experiment  was  repeated  three  times  with  the 
same  result,  showing  that  the  glauconite  from  each  of  these  deposits  was 
toxic. 

In  order  to  test  the  effect  of  the  manganese,  iron,  and  aluminum  upon 
the  growth  of  plants  a  series  of  experiments  was  conducted  with  corn 
seedlings  in  the  following  manner:  A  solution  was  made  by  extracting 
3,000  gm.  of  the  Courtland  greensand  by  percolation  for  72  hours  with 
3,000  cc.  of  i  per  cent  hydrochloric  acid.  The  percolate  was  evaporated 
to  dryness  and  heated  to  dull  red  heat.  The  residue  was  dissolved  in 
dilute  hydrochloric  acid  and  made  up  to  500  cc. 

From  50  cc.  of  this  solution  manganese,  iron,  and  aluminum  were 
separated.  The  manganese  was  then  separated  from  the  iron  and  alum- 
inum and  added  to  the  original  filtrate.  Similar  solutions  were  prepared 
with  iron  and  aluminum.  The  filtrate  was  then  evaporated  to  dryness 
and  the  residue  heated  to  dull  red  heat  and  dissolved  in  acidulated  dis- 
tilled water.  The  solution  was  made  nearly  neutral  with  a  small  quan- 
tity of  ammonia  and  diluted  to  a  volume  of  250  cc.  with  distilled  water. 

From  another  50  cc.  of  the  solution,  made  up  to  100  cc.  with  distilled 
water,  the  manganese,  iron,  and  aluminum  were  all  removed  by  pre- 
cipitation with  ammonia.  The  precipitate  was  discarded.  The  filtrate 
was  evaporated  to  dryness  and  heated  to  a  dull  red  heat  until  all  the 
ammonium  salts  had  been  removed.  The  residue  was  then  dissolved  in 
distilled  water  acidulated  with  hydrochloric  acid,  neutralized  with  am- 
monia, and  made  up  to  250  cc.  with  distilled  water. 

The  effect  of  these  solutions  upon  the  growth  of  corn  seedlings  was 
tested  in  cultures  in  the  manner  described  above.  The  results  are 
given  in  Table  V. 

Table  V. — Comparative  action  on  corn  seedlings  of  various  solutions  prepared  from 

Courtland  greensand 


Num- 
ber of 
days. 

Manganese  in  solution 

(iron  and  aluminum 

removed). 

Iron  in  solution  (man- 
ganese and  aluminum 
removed). 

Aluminum  in  solution 
(iron  and  manganese 
removed.) 

Soluble  salts  in 
solution  (iron,  man- 
ganese, and  alumi- 
num removed.) 

I 
2 

3 

4 

5 
6 

7 
8 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 
Plant  killed 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 
Plant-killed 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 

Plant  killed 

New  plant  started . 
Plant  killed 

Plant  growing. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

9 
10 

Do. 

Do. 

From  Table  V  it  will  be  observed  that  none  of  the  seedlings  survived 
in  the  solutions  containing  either  the  manganese,  iron,  or  aluminum, 
while  in  the  solution  from  which  these  had  been  removed  they  were 
still  growing  after  10  days. 
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EFFECT  OF  LIME  ON  ACTION  OF  TOXIC  GREENSAND 

In  order  to  test  also  the  effect  of  the  toxic  greensand  upon  the  growth 
of  plants  when  used  in  connection  with  an  acid  or  an  alkaline  medium, 
the  solutions  described  below  were  prepared. 

A  3,000-gm.  portion  of  Courtland  greensand  was  extracted  for  72 
hours  by  percolation  with  3,000  cc.  of  distilled  water  saturated  with 
carbon  dioxid.  The  percolate  was  evaporated  to  dryness,  heated  to  a 
dull  red  heat,  dissoved  with  very  dilute  hydrochloric  acid,  and  made  up 
to  a  volume  of  500  cc.  Of  this  solution  50  cc.  were  then  made  up  to  a 
volume  of  250  cc.  with  distilled  water.  In  this  solution  corn  seedlings 
were  grown  in  the  manner  already  described. 

Another  3,000-gm.  portion  of  the  same  variety  of  greensand  was 
extracted  for  72  hours  by  percolation  with  3,000  cc.  of  lime  water.  The 
filtrate  was  evaporated  to  dryness,  heated  to  dull  red  heat,  and  dissolved 
in  dilute  hydrochloric  acid.  The  solution  was  neutralized  with  a  little 
ammonia  and  made  up  to  a  volume  of  500  cc.  Of  this  solution  50  cc. 
were  then  made  up  to  250-cc.  volume  with  distilled  water,  and  corn  seed- 
lings were  placed  in  the  solution  as  before. 

The  effect  of  these  solutions  upon  the  corn  seedlings  is  shown  in 
Table  VI. 

Table  VI. — Comparative  action  of  solutions  containing  salts  extracted  with    various 

solvents 


Num- 
ber of 
days. 


I 
2 

3 
4 

5 
6 

7 
8 

9 
10 


Solution  containing  salts  extracted  with  carbon  dioxid. 


Plant  killed 

New  plant  started 

Plant  killed 

New  plant  started 

Plant  killed 

New  plant  started 
Plant  killed 


Solution  containing  salts 
extracted  with  lime 
water. 


Plant  growing. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 


From  Table  VI  it  will  be  seen  that  the  carbon-dioxid  solution  was 
toxic  to  the  seedlings,  whereas  the  plants  in  the  alkaline  solution  were 
still  growing  after  10  days. 

The  results  of  analyses  of  the  two  percolates  are  given  in  Table  VII. 

Table  VII. — Analyses  of  acid  and  alkaline  percolates 


Constituents. 


Carbon-dioxid 
extraction. 


Lime-water 
extraction. 


S03.. 

CaO.. 

MgO.. 

Mn,03 

Pa05.. 

Fe203. 

A1203. 

K2o.- 
NajO. 


Per  cent. 

16.  13 

7.  20 

3.08 

I.  16 

Trace. 

3.00 

Absent. 

4.86 

10.86 


Per  cent. 

5-9° 
32.  00 

16.  20 

.80 

Trace. 

Absent. 

Do 

7.  60 

28.  19 
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From  these  analyses  of  the  solutions  it  will  be  observed  that  the  lime- 
water  extraction  contained  no  iron  or  aluminum  and  only  a  very  small 
quantity  of  manganese,  while  the  potash  was  much  higher  in  the  lime- 
water  extraction  than  in  the  carbon-dioxid  solution.  It  can  therefore 
be  assumed  that  the  carbon  dioxid  of  the  soil  water,  in  connection  with 
the  acid  secretion  of  the  roots,  would  be  amply  sufficient  to  bring  the 
toxic  elements  into  solution  and  that  a  sufficient  quantity  of  lime  would 
inhibit  this  action. 

Pot  cultures  were  also  made  to  test  the  effect  of  the  toxic  greensand, 
the  soluble  salts,  the  glauconite,  and  the  greensand  when  used  with  the 
addition  of  lime.  The  accompanying  illustrations  show  very  strikingly 
the  effect  in  each  case. 

Plate  1,  A,  shows  corn  seedlings  6  weeks  old  grown  in  quartz  sand  to 
which  had  been  added  glauconite  from  the  Courtland  greensand  at  the 
rate  of  10  tons  per  acre,  and  Plate  1,  B,  shows  the  effect  of  the  greensand 
with  most  of  the  glauconite  removed. 

Plate  2,  A,  shows  the  effect  of  the  alkaline  medium,  principally  salts  of 
calcium,  sodium,  and  potassium,  from  the  washings  of  the  Courtland 
greensand,  at  the  rate  of  3  tons  per  acre,  and  Plate  2,  B,  the  effect  of  the 
heavy  metals,  principally  magnesium,  iron,  aluminum,  and  manganese, 
obtained  from  the  Courtland  greensand  by  extracting  with  water  made 
slightly  acid  with  hydrochloric  acid,  but  free  from  lime,  applied  at  the 
rate  of  2  tons  per  acre.  To  this  there  was  also  added  a  liberal  applica- 
tion of  Shive's  nutrient  solution.4 

Plate  3  shows  the  effect  of  the  toxic  greensand  when  used  alone  and 
in  combination  with  lime  carbonate  at  the  rate  of  4  tons  per  acre. 

A  comparison  of  Plate  1,  A,  with  Plate  2,  B,  and  Plate  3,  A,  shows 
that  the  glauconite,  heavy  metals,  and  toxic  greensand  had  practically 
the  same  toxic  effect,  while  Plate  2,  A,  and  Plate  3,  B,  show  the  very 
favorable  effect  of  the  addition  of  lime.  It  seems  probable,  therefore, 
that  the  toxic  properties  of  this  poisonous  greensand  may  be  overcome 
by  using  liberal  applications  of  lime,  thereby  keeping  out  of  solution 
the  three  poisonous  elements,  iron,  aluminum,  and  manganese  in  toxic 
concentrations  and  rendering  useful  the  potash  which  is  readily  available 
and  which  is  greatly  needed  in  many  localities. 

SUMMARY 

The  glauconite  element  from  each  of  the  three  deposits  of  greensand 
studies  was  found  to  be  toxic  to  corn  seedlings. 

The  toxicity  is  due  to  the  presence  of  iron,  aluminum,  and  manganese 
in  forms  readily  soluble  in  weakly  acid  media. 

The  presence  of  lime  prevents  the  toxic  elements  from  going  into 
solution.  Therefore,  deposits  of  greensand  like  those  at  Newcastle,  Va., 
and  at  Redbank,  N.  J.,  which  naturally  contain  lime  in  the  form  of  shell 
marl  in  sufficient  quantity  to  prevent  the  solution  of  the  toxic  elements 
are  not  poisonous  to  plants.  Likewise  the  addition  of  lime  to  the  toxic 
Courtland  greensand  inhibits  its  toxic  effects. 

4  SmvE,  John  W.  a  three-salt  nutrient  solution  for  plants.    In  Araer.  Jour.  Bot.,  v.  2,  no.  4,  p. 
157-160.     1915. 


<* 


PLATE  i 

A. — Corn  seedlings  6  weeks  old  grown  in  quartz  sand  mixed  with  glauconite  from 
Courtland  greensand  at  the  rate  of  10  tons  per  acre. 

B. — Corn  seedlings  6  weeks  old  grown  in  quartz  sand  mixed  with  Courtland  green- 
sand  from  which  most  of  the  glauconite  had  been  removed,  at  the  rate  of  10  tons  per 
acre. 
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PLATE  a 

A. — ConTseedlings  6  weeks  old  grown  in  quartz  sand  mixed  at  the  rate  of  3  tons 
per  acre  with  alkaline  salts  from  washings  of  the  Courtland  greensand. 

B. — Corn  seedlings  6  weeks  old  grown  in  quartz  sand  mixed  with  the  heavy  metals 
obtained  from  the  Courtland  greensand,  but  free  from  lime,  at  the  rate  of  2  tons  per 
acre. 


PLATE  3 

A. — Corn  seedlings  6  weeks  old  grown  in  Courtland  greensand. 
B. — Corn  seedlings  6  weeks  old  grown  in  Courtland  greensand  to  which  had  been 
added  lime  carbonate  at  the  rate  of  4  tons  per  acre. 


Probable  Cause  of  Poisonous  Greensand 


Plate  3 
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TWO  IMPORTANT  NEW  TYPES  OF  CITROUS  HYBRIDS 
FOR  THE  HOME  GARDEN— CITRANGEQUATS  AND 
LIMEQUATS1 

By  Walter  T.  Swingle,  Physiologist  in  Charge,  and  T.  Ralph  Robinson,  Crop 
Physiologist,  Office  of  Crop  Physiology  and  Breeding  Investigations,  Bureau  of  Plant 
Industry,  United  States  Department  of  Agriculture 

The  breeding  of  cold-resistant  citrous  fruits  suitable  for  culture  in 
the  southern  part  of  the  cotton  belt  has  been  in  progress  for  many  years. 
The  citrange,  a  cross  of  the  hardy  Chinese  trifoliate  orange,  Poncirus 
trifoliata  (L.)  Raf.  and  the  common  sweet  orange,  Citrus  sinensis,  Osb. 
was  the  first  of  the  hardy  hybrids  secured.  The  citrange  was  first 
reported  on  by  the  senior  author  and  Dr.  H.  J.  Webber2  in  the  Yearbook 
of  the  Department  of  Agriculture  for  1904,  where  the  Rusk  and  Willi ts 
citranges,  two  that  appear  below  as  parents  of  new  hybrids,  were  de- 
scribed and  illustrated.  It  soon  became  evident  that  although  the  cit- 
range is  much  like  the  trifoliate  orange  in  its  resistance  to  extreme  cold 
when  it  is  in  a  dormant  condition,  it  is  easily  forced  into  a  new  growth 
in  spring  and  sometimes  is  severely  injured  by  untimely  cold  snaps. 
In  consequence  of  this  imperfect  resistance  of  the  citrange  to  spring 
and  early  autumn  frosts,  about  15  years  ago  the  effort  was  first  made  to 
create  new  types  of  hybrids  which  would  partake  in  some  measure  of 
another  type  of  hardiness  possessed  very  strikingly  by  the  kumquat 
oranges.  The  kumquat  is  one  of  the  hardiest  of  the  evergreen  citrous 
fruit  trees;  besides  having  a  fair  degree  of  resistance  to  cold  it  has  an 
extremely  high  degree  of  winter  dormancy.  Both  of  the  species  of 
kumquat  commonly  grown  in  this  country,  the  round  and  the  oval  kum- 
quats,  are  able  to  pass  unaffected  through  spells  of  hot  weather  which 
force  other  citrous  into  a  tender  and  succulent  growth  that  is  liable  to  be 
injured  by  a  slight  frost. 

The  first  successful  hybrids  wherein  the  kumquat  was  used  with  the 
idea  of  securing  increased  dormancy  were  made  by  the  senior  author  in 
the  spring  of  1909.  Four  principal  types  of  these  kumquat  hybrids 
were  made:  First,  those  between  the  trifoliate  orange  and  the  kumquat. 
These  proved  extraordinarily  hard  to  make,  and  most  of  them  were  very 
weak,  many  of  them  dying  while  still  small  seedlings.  None  of  these 
have  proved  as  yet  to  be  of  any  considerable  value.  Second,  hybrids 
were  made  in  considerable  number  between  the  more  promising  citranges, 
especially  the  Rusk  and  Willits,  already  widely  cultivated  in  the  cotton 
belt,  and  the  kumquats.  The  hybrids  resulting  from  these  crosses  are 
known  as  citrangequats,  and  are  described  in  the  present  paper.  Third, 
the  effort  was  made  to  hybridize  the  kumquat  with  the  West  India  limev 

1  Accepted  for  publication  Oct.  28,  192 1. 

•Webber,  Herbert  J.,  and  Swingle.  Waiter  T.    new  citrus  creations  of  the  department  op 
agriculture.     In  U.  S.  Dept.  Agr.  Yearbook,  1904,  p.  227-235,  fig.  13,  pi.  n-14,  16.     1905. 
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the  lime  being  the  tenderest  citrous  fruit  grown  in  the  United  States, 
often  being  injured  by  cold  even  in  central  or  south  Florida.  The 
hybrids  resulting  from  this  cross  have  been  called  limequats,  and  are  also 
described  here.  Fourth,  the  attempt  was  made  to  hybridize  the  kumquat 
with  the  lemon,  the  lemon  being  almost  as  tender  as  the  West  India 
lime.  None  of  these  hybrids  have  been  sufficiently  well  studied  to  war- 
rant reporting  on  them  as  yet.  So  far  as  observed  they  have  fruits  very 
similar  to  the  limequats  described  below  except  that  the  peel  is  much 
thicker. 

THOMASVILLE   CITRANGEQUAT 

Among  the  citrous  crosses  made  at  Eustis,  Fla.,  in  June,  1909,  by  the 
senior  author,  was  one  in  which  pollen  of  the  Willits  citrange  was  used  to 
fertilize  flowers  of  the  oval  kumquat  (Fortunella  margarita)  (Lour.) 
Swing. 

Budded  plants  of  the  best  of  the  hybrids  resulting  from  this  cross  were 
sent  to  a  number  of  cooperators  in  the  southeastern  States  as  soon  as  it 
was  possible  to  effect  propagation.  The  first  plant  to  bear  fruit  was 
numbered  C.P.B.  48010.3  Fruits  were  received  at  Washington,  D.  C, 
in  November,  19 15,  produced  by  a  plant  of  this  number  that  had  been 
sent  to  Mr.  P.  J.  Hjort  at  Thomasville,  Ga.,  in  March,  1913.  As  this 
hybrid  was  first  fruited  at  Thomasville,  where  it  was  proved  sufficiently 
desirable  as  a  fruit  for  home  use  to  induce  Mr.  Hjort  to  propagate  it  in 
his  nursery,  it  is  proposed  to  call  it  the  Thomasville  citrangequat. 

The  Willits  citrange,  the  pollen  parent,  is  itself  a  hybrid  resulting  from 
crossing  the  sweet  orange  {Citrus  sinensis,  Osb.)  with  the  trifoliate  orange 
(Poncirus  trifoliata  (L.)  Raf.),  the  former  supplying  the  pollen  which  was 
used  on  the  pistils  of  the  trifoliate  orange. 

While  this  citrange  is  of  fairly  good  quality  and  makes  an  excellent  ade, 
the  oil  of  the  peel  is  very  bitter  and  ill-smelling,  and  a  single  drop  is 
enough  to  ruin  a  pitcher  of  ade.  It  was  hoped  by  hybridizing  the  Willits 
citrange  with  the  oval  kumquat  to  overcome  this  drawback  of  the  citrange 
since  the  peel  of  the  kumquat  is  so  mild  as  to  be  edible,  and  at  the  same 
time  the  juice  of  the  kumquat  is  pleasantly  acid,  so  that  a  hybrid  between 
it  and  the  citrange  would  be  expected  to  be  suitable  for  making  ade. 
These  expectations  were  fully  justified,  as  is  shown  below. 

As  was  noted  in  the  introductory  paragraph  of  this  paper,  another 
quality  that  it  was  hoped  to  secure  in  this  hybrid  was  an  increased  winter 
dormancy  over  that  shown  by  the  citrange.  The  kumquat  possesses 
winter  dormancy  of  a  very  high  degree  and  is  able  to  go  through  long 
spells  of  warm  weather  without  starting  new  growth.  The  new  growth 
of  practically  all  citrous  fruits  is,  of  course,  easily  injured  by  even 
moderate  frosts.  Although  the  Willits,  like  other  hybrids  of  the  trifoliate 
orange,  is  extremely  hardy  when  in  a  dormant  condition,  it  is  not  able  to 
stand  long  periods  of  warm  weather  in  winter  without  starting  new 
growth.  The  new  citrange-kumquat  hybrid,  as  was  hoped,  is  superior  to 
the  Willits  in  all-around  hardiness  and  shows  a  distinctly  higher  winter 
dormancy.  Being  the  result  of  crossing  a  citrange  with  a  kumquat,  the 
new  hybrid  was  called  a  citrangequat. 

The  citrangequat  seedlings  showed  from  the  start,  phenomenal  vigor 
and  in  fact  made  the  most  rapid  and  continuous  growth  of  all  the  nu- 


•  The  abbreviation  C  P.  B.  is  used  for  the  name  of  the  Office  of  Crop  Physiology  and  Breeding  Investiga- 
tions of  the  Bureau  of  Plant  Industry,  United  States  Department  of  Agricurture.  All  the  numbers  cited  in 
this  paper  are  of  this  series. 
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merous  rapid-growing  hybrids  under  propagation  in  the  department 
greenhouses  during  the  winter  of  1909-10. 

Plate  1  shows  the  vigorous  growth  manifested  by  a  few  of  these  citran- 
gequats less  than  one  year  from  the  time  of  planting  the  seeds,  the  plants 
being,  from  left  to  right,  57K»  61,  49,  and  52  inches  high,  while  an  oval 
kumquat  of  the  same  age  (on  the  extreme  right)  was  only  24X  inches 
high,  only  half  the  height  of  the  smallest  of  the  four  citrangequats. 

The  Thomasville  citrangequat  is  a  hybrid  of  the  oval  Kumquat, 
Fortunclla  margarita  (Lour.)  Swing,  and  the  Willits  citrange,  the  last 
named  being  the  pollen  parent.  The  Thomasville  and  other  citrange- 
quats are  what  is  known  as  trigeneric  hybrids — that  is,  they  were  secured 
by  hybridizing  plants  belonging  to  three  distinct  genera,  Citrus,  Poncirus, 
and  Fortunella,  as  has  already  been  noted.  In  this  case  the  citrangequat 
is  in  effect  a  second-generation  citrange — that  is,  a  cross  of  the  ordinary 
orange  and  the  trifoliate  orange,  and  a  first  generation  cross  of  the  oval 
kumquat.  It  is,  therefore,  one-half  kumquat  and  approximately  one- 
fourth  each  of  common  orange  and  trifoliate  orange. 

It  is  an  interesting  fact  that,  although  the  kumquat  is  a  dwarf  plant, 
nevertheless  hybrids  between  it  and  the  citrange  have  shown  distinctly 
more  vigor  than  similar  hybrids  between  citranges  and  grapefruit,  despite 
the  fact  that  the  grapefruit  is  a  very  much  larger  plant  than  the  kumquat.4 
The  vigor  of  the  Thomasville  and  some  of  the  other  citrangequats  is  so 
great  that  their  growth  often  exceeds  the  combined  growth  of  the  three 
parent  species. 

GENERAL   FRUIT  AND   TREE   CHARACTERISTICS   OF  THE 
THOMASVILLE   CITRANGEQUAT 

It  was  evident  from  an  examination  of  the  first  fruits  borne  that  a  new 
type  of  citrous  fruit  had  been  created,  having  much  of  the  pomological 
character  of  the  lime,  despite  the  absence  of  any  lime  blood.  The  fruits 
average  much  larger  than  the  kumquat  and  are  usually  as  large  as  the 
lime,  which  they  resemble  more  closely  than  any  other  citrous  fruit. 
Plate  2,  A,  B  will  give  a  good  idea  of  the  shape  and  size  of  the  fruit  and 
the  manner  of  its  attachment  to  the  twigs.  The  pronounced  "goose- 
neck" fruit  spurs  and  clawlike  calyx  points  are  unique  characters 
which  make  the  fruit  easy  to  identify. 

The  fruits  are  of  attractive  appearance,  being  a  glossy  dark  green 
when  immature,  changing  to  a  light  yellow,  and  finally  to  an  orange 
yellow  when  fully  mature.  They  develop  an  abundant  juice  content 
when  only  half  grown,  a  point  of  importance  in  their  practical  utilization. 
Though  rather  late  in  blooming,  fruits  develop  very  rapidly,  in  this  re- 
spect resembling  those  of  another  hybrid,  the  Kustis  limequat,  also  de- 
scribed in  this  paper.  Although  usually  not  mature  until  October  or 
November,  the  fruits  can  be  used  for  ade  from  July  on  through  the 
summer  and  early  autumn,  when  acid  fruits  are  especially  appreciated. 
When  fully  mature,  they  lose  much  of  their  acidity,  and  are  sufficiently 
sweet  to  eat  out  of  hand.  By  reason  of  its  hardiness  and  pleasantly  acid 
juice  this  new  fruit  makes  available  for  home  fruit  gardens  an  ade  fruit 
in  regions  much  too  cold  for  growing  either  lemons  or  limes.  It  has 
stood  temperatures  as  low  as  12  °  F.  without  injury  and  probably  will 

*  This  curious  fact  is  perhaps  explained  by  the  fact  that  the  kumquat  is  botanically  very  remote  from  the 
tyro  parent  species  that  enter  into  the  citrange.  whereas  the  grapefruit  is  closely  related  to  one  of  the  parents 
ot  the  citrange — the  common  orange. 
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survive  even  lower  temperatures.  The  evergreen  nature  of  the  tree 
also  recommends  it  for  home  gardens  or  lawn  planting.  Judicious 
pruning  or  pinching  back  of  long  shoots  will  assist  in  giving  the  tree  a 
fairly  compact  habit  in  place  of  its  natural  upright  form. 

The  Thomasville  citrangequat  makes  an  excellent  marmalade  without 
the  admixture  of  any  other  citrous  fruits.  The  mildly  pungent  peel  and 
the  pleasantly  flavored  acid  juice  combine  to  give  the  marmalade  an 
unusually  good  flavor,  rivaling  the  best  Dundee  marmalade. 

RESISTANCE  TO  DISEASE 

The  advent  of  Citrus-canker  in  the  Gulf  Coast  States  made  it  necessary 
to  test  any  new  Citrus  varieties  and  hybrids  with  reference  to  their  sus- 
ceptibility to  that  disease  before  they  could  be  recommended  for  culture. 

As  is  well  known,  the  kumquat  is  the  most  canker-resistant  of  all 
citrous  fruits,  its  resistance  amounting  to  practical  immunity  under 
field  conditions.  In  this  new  hybrid,  the  Thomasville  citrangequat,  the 
kumquat  parent  has  seemingly  transmitted  its  remarkable  canker  resis- 
tance unimpaired,  notwithstanding  the  fact  that  one  parent  of  the 
citrangequat,  the  citrange,  is  decidedly  susceptible  to  canker. 

Several  plants  of  the  Thomasville  citrangequat  have  been  inoculated 
and  continuously  exposed  to  Citrus-canker  for  a  period  of  four  years 
without  any  canker  having  been  developed  except  from  needle  punctures, 
from  which  canker  failed  to  spread.5 

It  is  highly  important  that  only  canker-resistant  citrous  fruits  be  propa- 
gated in  the  Gulf  Coast  States  west  of  Florida,  as  a  measure  of  insurance 
against  a  serious  reinfection.  From  this  viewpoint,  the  citrangequat 
becomes  of  great  importance  to  this  region,  to  meet  the  need  for  home- 
grown acid  citrous  fruits. 

While  somewhat  affected  by  Citrus  scab,  the  quality  of  the  fruit  is  not 
greatly  impaired  thereby,  and  if  planted  away  from  scab-susceptible 
varieties  it  is  probable  that  scab  would  not  be  at  all  serious  on  the  citrange- 
quat. 

POSSIBLE  USE  OF  CITRANGEQUATS  AS  A  STOCK  FOR  SATSUM A  ORANGES 

The  extraordinaiy  vigor  of  growth,  great  hardiness,  and  extreme 
canker  resistance  shown  by  this  hybrid  suggested  at  once  its  possible 
value  as  a  stock,  especially  for  use  in  the  Gulf  Coast  States  west  of  Florida. 
In  this  region  almost  the  only  stock  used  for  Satsuma  and  other  Citrus 
varieties  is  the  trifoliate  orange,  a  very  hardy,  deciduous  tree,  closely 
related  to  the  true  species  of  Citrus.  It  is  extremely  thorny  and  is  used 
extensively  as  a  hedge  plant,  the  fruits  from  these  hedges  providing  an 
abundance  of  seeds  to  use  in  growing  nursery  stock.  Unfortunately,  the 
trifoliate  orange  is  very  susceptible  to  Citrus-canker.  One  necessary  step 
in  the  eradication  of  canker  is  the  complete  elimination  of  these  trifoliate 
orange  hedges.  The  presence  of  large  numbers  of  trifoliate  seedlings  in 
Citrus  nurseries  is  also  a  menace  in  the  event  of  a  reappearance  of  Citrus- 
canker. 

When  considering  the  possible  use  of  the  citrangequat  as  a  stock,  the 
small   number  of   seeds   produced   seemed   an   almost   unsurmountable 

*  Peltier,  George  I,,    susceptibility  and  resistance  to  citrus-canker  of  the  wild  relativBS, 
citrus  fruits,  and  hybrids  of  the  genus  citrus.    In  Jour.  Agr.  Research,  v.  14.  no.  9.  P-  35°.    1918. 
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barrier,  despite  its  promising  features  of  canker-resistance  and  extreme 
vigor.6  The  recent  discovery,  however,  that  cuttings  of  the  citrangequat 
may  be  rooted  readily  by  the  use  of  new  methods,  has  been  so  encouraging 
that  extended  trials  of  this  plant  as  a  stock  are  now  under  way.  By  the 
use  of  rooted  cuttings,  practically  a  full  year's  time  may  be  saved  in 
growing  stocks  to  budding  size,  an  advantage  certainly  sufficient  to 
offset  any  additional  trouble  and  expense  for  greenhouse  equipment. 
A  combination  of  bottom  heat,  about  900  F,  with  humidity  maintained 
at  a  high  point,  8o°  to  900,  and  with  air  temperature  lower  than  that  of 
the  soil,  700  to  8o°,  is  essential  to  the  best  results.7  With  good  control 
of  all  these  factors,  small  twig  cuttings  with  leaves  attached  may  be  rooted 
within  a  few  weeks — in  less  time,  in  fact,  than  it  usually  takes  for  seed 
to  germinate. 

Plate  3  shows  two  of  these  cuttings  and  the  original  seedling  plants  be- 
side them,  with  the  stubs  visible  where  the  cuttings  were  removed. 
These  cuttings  were  photographed  only  4X  months  from  the  time  they 
were  placed  in  the  rooting  bed  and  are  fine  specimens  of  a  large  lot  rooted 
in  February,  1921.  The  seedlings  were  18  months  old.  An  interesting 
point  in  this  connection  is  the  fact  that  while  the  citrangequat  roots  so 
freely  the  three  parent  species  utilized  in  creating  the  hybrid  (the  sweet 
orange,  trifoliate  orange,  and  kumquat)  commonly  fail  to  root  under  the 
same  conditions. 

By  the  use  of  rooted  cuttings,  certain  advantages  are  secured  well 
worth  consideration.  First,  the  time  saved  has  already  been  mentioned; 
second,  through  vegetative  propagation  uniformity  of  vigor  is  secured 
which  is  highly  desirable  and  cannot  ordinarily  be  expected  through 
the  use  of  seedlings;  and,  third,  it  has  often  been  noted  in  the  propagation 
of  cross-bred  plants  that  there  is  a  vigor  of  growth  in  the  first  generation 
seedlings  not  so  apparent  in  succeeding  generations  of  self-pollinated 
plants.  This  vigor  can  be  utilized  to  best  advantage  by  the  rooting  of 
cuttings  from  especially  vigorous  individuals. 

Buds  of  Satsuma  and  other  citrous  fruits  grow  readily  on  citrangequat 
stocks,  but  tests  under  field  conditions  will  be  necessary  before  definite 
conclusions  can  be  drawn.  While  such  tests  have  been  under  way  now 
for  several  years,  more  time  will  be  necessary  in  order  to  secure  trust- 
worthy conclusions  as  to  the  effect  of  the  stock  on  the  quality,  size, 
and  season  of  fruit  crops,  as  well  as  hardiness  and  other  factors  of  practical 
importance. 

Regardless  of  the  possible  utilization  of  the  Thomasville  citrangequat 
as  a  stock,  its  obvious  value  as  a  hardy,  canker-resistant  fruit  tree  for 
home  use  makes  it  desirable  to  give  it  a  distinctive  name  and  publish 
a  detailed  description. 

•  The  character  of  this  hybrid  as  regards  seed  content  seems  to  be  dependent  largely  on  the  possibility  of 
its  receiving  pollen  from  other  seedy  varieties  of  Citrus.  In  many  places  where  grown  by  itself  or  along 
with  seedless  varieties  (such  as  Satsuma,  having  little  or  no  viable  pollen)  the  fruit  is  practically  seedless, 
while  in  other  plantings  where  mixed  with  seedy  varieties,  seeds  are  usually  found  averaging  six  or  eight 
to  the  fruit. 

The  Thomasville  citrangequat,  like  many  other  hybrids  between  widely  differing  species  of  the  Citrus 
group,  reproduces  itself  unchanged  from  seed.  This  means  that  it  is  in  reality  a  sterile  hybrid  and  the 
embryo  found  in  the  seed  is  developed  from  the  tissues  of  the  mother  plant  and  of  course  shows  no  effect  of 
the  pollen  used  in  fertilizing  the  flower. 

7  The  method  used  was  developed  in  January  and  February,  1921,  by  Air.  Eugene  May,  jr.,  plant  propa- 
gator of  the  Office  of  Crop  Physiology  and  Breeding  Investigations,  and  is  an  adaptation  of  the  rooting 
methods  devised  by  Mr.  Edward  Goucher,  of  the  Office  of  Foreign  Seed  and  Plant  Introduction,  Bureau 
of  Plant  Industry,  United  States  Department  of  Agriculture,  for  the  rooting  of  small  twig  cuttings  of  the 
Lychee.  (Goucher,  Edward,  rooting  lychee  cuttings  by  means  op  a  high  temperature  and  hioh 
humidity  process.  In  Groff,  George  Weidman.  Tim  lychee  and  lungan.  Appendix  8,  p.  157-159. 
New  York,  London,  and  Canton,  China,   1921). 
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TECHNICAL   DESCRIPTION  OF  THE  THOMASVILLE  CITRANGEQUAT 

Fruit  oval  or  nearly  spherical ,  mature  fruits  having  a  long  diameter  of  1%;  to  2  inches, 
diameter  in  cross  section  \l/2  to  ij4  inches,  calyx  strongly  persistent  with  usually  5 
long,  clawlike  points;  fruit  spur  long,  swollen,  and  characteristically  bent  downward 
apparently  by  the  weight  of  the  fruit,  color  of  mature  fruit  yellow  to  orange  yellow,8 
rind  thin  (y&  inch)  somewhat  roughened  or  "pebbly,"  oil  cells  small,  depressed,  seg- 
ments, usually  7  or  8,  thin-walled;  core,  little  or  none;  seeds  varying  from  none  to 
12,  usually  not  more  than  6,  small  and  plump;  pulp  light  greenish  to  amber  color, 
juicy,  pleasantly  acid  when  immature,  becoming  sweetish  when  fully  mature;  tree 
evergreen,  vigorous,  of  upright  habit;  thorns  rather  numerous  on  old  wood  but  much 
reduced  and  inconspicuous  on  bearing  twigs;  leaves  uni-,  bi-,  and  trifoliate  (on 
young  plants  chiefly  trifoliate,  on  bearing  wood  chiefly  unifoliate)  long  pointed  oval 
or  lanceolate,  2  to  3  inches  in  length,  rather  thick  and  stiff,  slightly  folded  on  the 
midrib,  dark  green,  with  finely  incised  margins;  petioles,  very  narrow- winged:  flowers 
small,  pure  white,  5-petaled,  bloom  appearing  rather  late  though  not  as  late  as  the 
kumquat,  fruits  ripening  from  October  to  December,  but  juicy  and  serviceable  as 
ade  fruits  from  July  to  October. 

OTHER  CITRANGEQUATS 

During  the  spring  and  early  summer  of  1909,  the  senior  author  made 
many  cross  pollinations  between  citranges  and  kumquats.  From  these 
numerous  crosses,  67  citrangequats  were  secured.  These  citrangequats 
are  mostly  hybrids  of  the  oval  kumquat  with  the  citrange,  the  latter 
being  the  pollen  parent.  Five  different  citranges  were  used  as  pollen 
parents,  but  most  of  the  citrangequats  (49  in  all)  have  Rusk  citrange 
as  the  mother  parent;  the  next  largest  group  (n  in  all)  are  hybrids 
between  the  Willits  citrange  and  the  oval  kumquat.  Three  of  the 
citrangequats  are  hybrids  of  the  round  kumquat  pollinated  by  the  Rusk 
citrange. 

Not  all  of  the  citrangequats  have  been  as  yet  carefully  studied,  but  a 
number  of  them  are  of  interest  and  several  of  the  most  promising  are 
noted  below. 

A  second  citrangequat  (C.  P.  B.  No.  48011)  was  grown  from  the  same 
crossed  fruit  that  yielded  the  Thomasville.  It  differs  from  that  variety 
in  having  large  fruits  more  nearly  spherical  in  shape  and  borne  on  upright 
fruit  stalks  instead  of  on  curiously  elongated  "goose-neck"  fruit  stalks. 
This  citrangequat,  like  the  Thomasville,  loses  much  of  its  acidity  as  the 
fruit  matures  and  like  it  has  a  mild-flavored  peel  and  usually  few  seeds. 
When  fully  ripe  this  citrangequat  is  sweeter  than  the  Thomasville  and 
can  be  eaten  from  the  hand  by  those  who  like  rather  sour  citrous  fruits. 

Another  citrangequat  resulting  from  the  same  cross  of  oval  kumquat 
and  Willits  citrange  is  C.  P.  B.  No.  48005.  The  pollen  parent  was  the 
same  as  that  of  the  Thomasville  but  the  seed  parent  was  a  different 
tree  growing  in  the  same  dooryard  at  Eustis,  Fla.  This  citrangequat 
has  attracted  attention  by  fruiting  freely  in  the  garden  of  Mr.  George 
H.  Harris,  a  cooperator  living  at  McRae,  Telfair  County,  Ga.,  far  to 
the  north  of  the  limit  of  ordinary  citrous  fruit  culture. 

It  differs  decidedly  from  the  Thomasville  in  remaining  intensely  acid 
even  when  fully  mature.  The  fruits  are  nearly  spherical  and  are  borne 
on  erect  fruit  stalks.  As  this  citrangequat  has  fruited  successfully  as 
far  north  as  the  latitude  of  Savannah,  32 °,  it  seems  advisable  to  give  it  a 

8  Ridgway,  Robert.    COLOR  standards  and  color  nomenclature,  pi.  III.  15-    Washington,  D.C., 
1912. 
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name,  and  it  is  accordingly  proposed  to  call  it  the  Telfair  citrangequat 
(PI.  2,  C).9 

Another  citrangequat  of  the  same  parentage  is  C.  P.  B.  No.  48007, 
which  was  conspicuous  for  its  extreme  vigor  when  young.  (PI.  1.)  The 
fruit,  like  that  of  the  Thomasville,  acquires  something  of  an  orange  flavor 
as  it  ripens.  It  seems  to  be  an  early  ripening  variety.  The  peel  is  mild 
flavored,  and  the  seeds  are  few. 

Still  another  citrangequat  is  C.  P.  B.  No.  48050,  a  hybrid  of  the  oval 
kumquat  with  the  Rusk  citrange.  It  attracted  the  attention  of  Mr.  J. 
W.  Benson,  a  cooperator  living  at  Sinton,  San  Patricio  County,  Tex., 
near  Corpus  Christi,  by  its  superior  cold  resistance  and  nearly  seedless 
fruits.  A  tree  that  flowered  in  October,  191 8,  carried  a  crop  through 
the  winter  unharmed.  Samples  received  at  Washington  on  April  23, 
1919,  were  very  like  a  lime  in  appearance  and  flavor,  but  showed  a  small, 
fleshy  calyx,  somewhat  like  that  of  the  Rusk  citrange  parent.  Fruits 
of  this  number,  received  November  1,  1920,  from  Glen  St.  Mary,  Fla., 
were  strikingly  handsome,  being  bright  orange  or  even  flame  scarlet  in 
color.  They  were  from  \%  to  1J/&  inches  in  diameter,  nearly  spherical, 
and  had  few  or  no  seeds.  These  fruits  were  overripe,  but  the  pulp  was 
still  acid,  so  this  is  doubtless  an  early  maturing  variety  suitable  only 
for  ade. 

As  this  citrangequat  has  attracted  attention,  not  only  because  of  its 
nearly  seedless  lime-like  fruits  produced  in  Texas,  but  also  because  of 
the  extraordinarily  brilliant  color  of  the  fully  ripe  fruits  in  Florida,  it 
seems  best  to  give  it  a  name.  It  is  accordingly  called  the  Sinton 
citrangequat.10 

EUSTIS  UMEQUAT 

In  1909,  the  senior  author  originated  a  new  type  of  citrous  fruits  by 
crossing  the  West  Indian  lime  with  the  kumquat  oranges.  Those  familiar 
with  citrous  fruits  know  that  the  lime  is  the  tenderest  of  all  the  commonly 
grown  species  of  this  group.  It  frequently  freezes  to  the  ground  even 
in  southern  Florida,  so  that  its  culture  is  chiefly  confined  to  the  fringe 
of  keys  along  the  coast.  The  kumquat,  on  the  other  hand,  is  one  of  the 
hardiest  of  the  evergreen  citrous  fruit  trees.  This  is  without  doubt  not 
so  much  due  to  its  direct  powers  of  cold  resistance  as  to  its  remarkable 
dormancy.  The  kumquat,  as  noted  above,  is  able  to  pass  unaffected 
through  long  spells  of  hot  weather  that  force  other  Citrus  trees  into  a 
tender  and  succulent  growth  that  is  liable  to  be  injured  by  even  a  light 

9  Technical  description  of  the  telfair  citrangequat:  Fruit  spherical  (sometimes  slightly  flattened 
or  elongated)  mature  fruits  having  a  diameter  of  \%  inches  to  \lA  inches;  calyx  persistent  with  5  long  points; 
color  of  mature  fruit  light  orange  yellow  to  deep  chrome  (Ridgway,  Robert,  op.  err.,  pi.  Ill,  17,  b,  d);  rind 
thin,  somewhat  roughened;  oil  cells  prominent,  small,  numerous;  core  little  or  none;  segments  4  to  6  (usually 
5),  seeds  few,  variable  in  size,  usually  undeveloped,  pulp  pale  yellow;  Pinard  yellow,  (Ridgway,  Robert, 
op.  err.,  pi.  IV,  21,  d.),  sharply  acid,  and  retaining  this  quality  when  mature;  rind  slightly  bitter;  tree  ever- 
green, vigorous,  of  upright  habit;  leaves  uni-,  bi-,  and  trifoliate,  generally  obovate,  iK  to  2%  inches  in  length , 
finely  serrated;  plant  fairly  thorny,  thorns  smaller  in  size  on  the  fruiting  twigs;  bloom  often  occurring  over 
a  long  period,  giving  a  semieverbearing  fruiting  habit. 

10  Technical  description  of  the  sinton  citrangequat:  Fruits  varying  from  slightly  flattened  to  slightly 
elongated;  growing  in  clusters;  diameter  varying  from  i'A  inches  to  i7A  inches;  calyx  small,  persistent, 
slightly  protruding,  sunken  pistil  surrounded  by  a  very  small  raised  circle;  color  variable,  ranging  from  a 
light  orange-yellow  (Ridgway,  Robert,  op.  err.,  pi.  Ill,  17,  d),  to  a  light  flame  scarlet  (Ridgway,  Robert,  op. 
err.,  pi.  II,  9);  rind  very  thin,  smooth,  highly  colored,  tV  inch  in  thickness  and  much  like  kumquat,  show- 
ing almost  none  of  the  flavor  of  the  trifoliate  orange;  oil  cells  few,  variable  in  number;  segments  7  to  8;  no 
seed  in  100  of  fruits,  occasionally  one  or  a  few;  pulp  pale,  varying  from  orange-buff  (Ridgway,  Robert,  op. 
err.,  pi.  Ill, 15,  d),  to  a  light  cadmium  (Ridgway,  Robert,  op.  cit.,  pi.  IV,  19);  flavor  sharply  acid,  decidedly 
lime-like  with  only  faint  suggestion  of  citrange  flavor  given  by  the  oil  from  the  rind,  no  citrange  flavor  in 
the  juice;  makes  a  good  ade;  core  very  small  and  segment  walls  very  thin;  tree  much  more  hardy  than  the 
lime;  bearing  twigs  spineless;  leaves  on  bearing  branches  unifoliate,  rather  thin,  3  to  3  inches  in  length  by 
iH  inches  in  width;  petiole  A  inch  long,  slightly  winged;  midrib  heavy,  prominent  on  upper  surface;  leaves 
tapering  slightly  toward  the  apex. 
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frost.  Some  measure  of  the  dormancy  of  the  kumquats  is  indicated  by 
the  fact  that  they  flower  from  two  to  three  months  later  than  other 
citrous  trees. 

This  series  of  crosses  between  the  lime  and  the  kumquats  was  made  at 
Eustis,Fla.,in  June,  1909, in  the  Citrus  grove  of  Mr.  F.W.  Savage.  These 
crosses  resulted  in  a  number  of  hybrids  varying  in  character,  but  all 
having  fruits  much  like  the  lime  in  quality.  Attention  has  been  attracted 
to  one  of  these  hybrids  (C.  P.  B.  No.  48798)  that  fruited  during  the 
summer  of  19 18  in  the  greenhouse  of  the  Department  of  Agriculture 
at  Washington,  D.  C.  It  resulted  from  fertilizing  the  flowers  of  the 
common  or  West  Indian  lime  with  pollen  of  the  round  kumquat. 

The  Eustis  limequat  fruit  is  of  striking  appearance,  strongly  resem- 
bling a  West  India  lime  in  color,  size,  and  texture.  (PI.  4.)  The  color  is 
a  light  yellow,  resembling  the  color  of  grapefruit.  When  cut,  the  fruit 
shows  its  lime-like  character.  It  is  very  juicy,  thin-skinned,  has  few 
seeds,  and  the  flavor  can  hardly  be  distinguished  even  by  an  expert  from 
the  true  lime.  Moreover,  the  rind  is  edible,  like  that  of  the  kumquat, 
so  that  the  whole  fruit  may  be  utilized.  It  is  particularly  promising 
as  a  fruit  for  crystallizing.  The  spines  on  the  bearing  wood  are 
very  inconspicuous,  a  decided  point  in  favor  of  this  hybrid  in  contrast 
with  the  viciously  spiny  character  of  the  common  lime.  Some  of  the 
other  limequats  exhibit  rather  long  spines,  even  on  the  small  twigs. 
Observations  covering  several  seasons  indicate  that  this  limequat  possesses 
much  of  the  immunity  to  disease  and  insect  pests  enjoyed  by  the  kum- 
quat. The  kumquat  is  the  most  resistant  to  Citrus-canker  of  all  citrous 
varieties,  a  resistance  amounting  to  practical  immunity,  an  advantage 
the  limequat  has  in  some  degree. 

Specimens  submitted  to  Citrus  experts  and  growers  have  in  every  case 
elicited  favorable  opinions,  it  being  held  that  the  limequat's  place  in 
citrous  fruit  culture  is  not  dependent  entirely  upon  unusual  hardiness. 
Even  should  it  prove  no  more  hardy  than  the  sweet  orange,  it  would  still 
be  of  great  value  throughout  the  orange-growing  regions,  as  the  lime  is 
so  extremely  tender  that  its  culture  is  now  almost  entirely  confined  to 
the  protected  keys  along  the  Florida  coast.  This  hybrid,  as  well  as 
several  sister  hybrids  of  this  limequat,  have  been  fruited  at  Glen  St. 
Mary,  Fla.,  in  the  northern  tier  of  Florida  counties,  but  were  killed  in 
the  successive  freezes  of  191 7  and  191 8.  With  a  little  protection  while 
young,  and  during  unusually  severe  weather,  it  is  probable  that  this 
hardy  form  of  lime  could  be  grown  in  the  warmer  parts  of  the  Gulf  Coast, 
supplying  a  real  need  in  this  region. 

In  Florida,  California  lemons  are  not  obtainable  owing  to  the  quaran- 
tine restrictions  necessary  to  prevent  the  introduction  of  "brown  rot." 
Sicilian  lemons  are  often  expensive  and  are  only  obtainable  in  the  larger 
towns,  so  that  it  often  happens  that  a  good  acid  citrous  fruit  for  ade 
making  is  a  decided  scarcity  even  in  Citrus-growing  territory. 

Budding  experiments  on  different  stocks  are  in  progress  and  the 
present  indications  are  that  the  limequat  will  thrive  on  most  of 
the  stocks  commonly  used  except  sour  orange.  Unlike  the  Thomasville 
citrangequat  the  Eustis  limequat  does  not  come  true  from  seed.  Nursery 
propagation  is  chiefly  confined  to  the  rough  lemon  and  trifoliate  orange 
stocks.  Like  the  lime,  if  planted  low  and  mounded  with  soil  the  limequat 
bud  will  strike  root,  thus  simplifying  the  stock  question.  Its  fruiting  sea- 
son is  also  of  importance.  To  be  of  the  greatest  service  in  the  home  fruit 
garden  it  should  bear  the  bulk  of  its  crop  in  the  warm  summer  months. 
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The  indications  are  from  the  few  trees  that  are  in  bearing  in  Florida 
that  it  will  prove  more  or  less  everbearing,  following  the  lime  parent  in 
this  regard.  No  doubt  its  fruiting  season  can  be  influenced  by  methods 
of  fertilization  and  pruning.  Selection  of  budwood  from  early  or 
summer-bearing  trees  will  also  be  desirable. 

The  limequat  promises  to  become  a  valuable  addition  to  our  list  of 
citrous  fruits.  Since  the  original  cross  pollination  resulting  in  this  new 
fruit  was  made  at  Eustis,  Fla.,  a  well-known  Citrus-producing  center, 
it  is  proposed  to  name  this  hybrid  the  "Eustis  limequat." 

TECHNICAL  DESCRIPTION  OF  EUSTIS  LIMEQUAT 

Fruit  oval  (occasionally  nearly  spherical)  slightly  asymmetrical,  mature  fruits 
having  a  long  diameter  averaging  xyi  to  i}i  inches,  diameter  in  cross  section,  ir/i  to 
1%  inches;  calyx  persistent;  color  light  yellow  ("picric  yellow")11;  rind  thin,  -^ 
inch,  very  smooth  and  glossy,  translucent;  oil  cells  spherical,  rather  prominent, 
having  no  bitter  flavor;  segments  6  to  9;  seeds  5  to  12,  usually  averaging  1  to  the  segment, 
small  to  medium  size,  %  to  y*  inch  in  length:  pulp  of  light  greenish  color,  closely 
resembling  lime,  tender  and  juicy,  flavor  sharply  acid  (like  the  lime  the  fruit  can  be 
used  when  full  sized  but  not  fully  colored) ;  tree  evergreen,  vigorous,  having  a  tendency 
to  produce  long  shoots  which  bend  downward  with  the  weight  of  the  fruit;  resembles 
the  lime  in  producing  a  succession  of  crops,  though  not  so  markedly  everbearing; 
spines  on  bearing  twigs  very  small,  not  injuring  the  fruit;  flowers  5-petaled,  pure  white 
(not  streaked  with  pink  as  those  of  the  lime  and  of  most  other  limequats);  leaves 
unifoliate,  rather  thick,  dark  green  above,  lighter  below,  tapering  at  both  base  and 
apex,  2  to  3  inches  long,  slightly  folded  along  the  midrib,  having  short,  narrow  petioles, 
closely  resembling  leaves  of  the  round  kumquat  except  for  larger  size. 

OTHER  LIMEQUATS 

In  addition  to  the  Eustis  limequat,  some  28  other  hybrids  were  made 
by  the  senior  author  in  1909  between  the  West  India  lime  and  the 
kumquat.  Twenty-four  of  these,  like  the  Eustis,  are  hybrids  of  the 
West  India  lime  and  the  round  kumquat;  four  are  hybrids  of  the  West 
India  lime  and  the  oval  kumquat.  Only  about  one-third  of  these  have 
been  studied  in  detail,  but  several  of  them  are  being  grown  in  Florida 
and  other  Southern  States.  Perhaps  the  most  promising  of  these  is  a 
limequat  (C.  P.  B.  48786)  of  the  same  parentage  as  the  Eustis;  that  is 
another  cross  between  the  same  two  parent  trees.  This  is  the  largest 
limequat  yet  produced,  sometimes  equaling  a  small  lemon  in  size,  usually 
being  about  \ZA  inches  in  diameter  and  2%  inches  long.  The  fruits, 
bright  yellow  when  ripe,  have  a  very  pale  pulp  of  a  pleasant  acid  flavor, 
similar  to  the  Mexican  lime,  the  skin  is  very  thin  but  tough  and  of  a 
mild  flavor.     There  are  from  two  to  nine  seeds  in  a  fruit. 

This  limequat  has  done  particularly  well  in  the  garden  of  Hon.  H.  J. 
Drane  at  Lakeland,  Fla.,  and  as  it  is  likely  to  be  propagated  more  or 
less  it  seems  desirable  to  give  it  a  name.  It  is  accordingly  called  the 
Lakeland  limequat  (PI.  5,  A).12 

Another  limequat  that  has  attracted  much  favorable  notice  is  C.  P.  B. 
No.  48792.     This  is  a  hybrid  of  the  Mexican  lime  with  the  oval  kumquat, 

11  Ridgway,  Robert,  op.  cit.,  pi.  IV,  d  23. 

12  Technical  description  of  lakeland  limequat:  Fruits  very  smooth,  attractive  in  appearance, 
oval,  average  2J-4  inches  long  i{|  inches  in  diameter;  calyx  not  persistent;  color  Strontian  yellow  (Ridgway; 
Robert,  op.  cit.,  pi.  XVI,  23);  rind  very  thin,  smooth,  sweet  and  edible  like  that  of  kumquat;  oil  cells 
large  and  prominent,  transparent,  showing  through  the  rind,  segments  5  to  8,  seeds  2  to  9,  large  and  oval, 
usually  about  6;  pulp  pale,  massicot  yellow  (Ridgway,  Robert,  op.  cit.,  pi.  XVI.  f,  21),  resembling 
lime;  very  juicy,  sharply  acid,  that  of  lime;  good  before  fruit  is  fully  colored;  leaves  2^2  to  3  inches  in  length; 
evergreen,  unifoliate,  lanceolate  acuminate,  petiole  short,  very  narrowiy  winged;  tree  vigorous,  bearing 
wood  nearly  spineless. 
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whereas  the  Eustis  limequat  and  the  Lakeland  limequat  are  hybrids  of 
the  Mexican  lime  with  the  round  kumquat.  As  this  limequat  has  already- 
been  propagated  to  some  extent  in  Florida  and  is  certain  to  become  more 
or  less  widespread  as  a  dooryard  fruit,  it  seems  best  to  give  it  a  name. 
It  is  accordingly  called  the  Tavares  limequat,13  Tavares  being  the  town 
adjoining  Eustis,  between  which  two  cities  lies  Mr.  Frank  W.  Savage's 
orange  grove,  where  this  and  all  the  other  limequats  were  produced. 

The  fruits  are  very  similar  to  those  of  the  Eustis  limequat  in  appear- 
ance, and  have  much  the  same  flavor.  (PI.  5,  B.)  It  is  often  difficult  to 
distinguish  the  fruits  of  these  two  varieties,  the  Tavares  and  the  Eustis. 
On  the  whole  the  Eustis  seems  to  be  rather  better  in  quality  than  the 
Tavares.  The  two  can  easily  be  distinguished  by  the  fact  that  the 
flower  buds  of  the  Eustis  are  pure  white  while  those  of  the  Tavares 
have  a  pinkish  coloration,  like  those  of  the  West  Indian  lime. 

"  Technical  description  of  Tavares  limequat:  Fruits  obovate  or  oval,  occasionally  nearly 
spherical;  iK  to  if\  inches  long,  \%  to  i-rs  inches  in  diameter;  light  cadmium  yellow  (Rxdgway,  Robert, 
op.  err.,  PI.  IV,  19');  rind,  very  thin,  smooth,  tender,  edible,  averaging  tV  inch  in  thickness,  mild  flavored, 
stronger  and  tougher  than  that  of  kumquat  and  other  limequats;  segments  7  to  8;  segment  walls  thin; 
seeds  large,  6  to  11,  usually  8  or  9.  oval,  often  pointed  at  one  end;  pulp  mustard  yellow  (Ridgway,  Robert, 
op.  cit.,  PI.  XVI,  b  19'),  resembling  lime;  juicy,  sharply  acid;  leaves  evergreen  unifoliate,  lanceolate; 
petioles  very  narrowly  winged;  tree  vigorous  with  short  spines  on  bearing  wood;  flower  buds  pink 


PLATE  i 

Four  citrangequats  and  one  oval  kumquat,  nearly  i  year  old;  nurse-grafted  when  2 
months  old,  on  pummelo  stock.  From  left  to  right  C.  P.  B.  No.  48005  (Telfair); 
No.  48007:  No.  48010  (Thomasville);  No.  48036;  No.  48049  (oval  kumquat).  About 
^  natural  size. 
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PLATE  a 

A. — Thomasville  citrangequat  (No.  48010).     Natural  size. 

B. — Cross  section  of  Thomasville  citrangequat  sent  in  by  Mr.  A.  M.  Troyer  to  the 
Bureau  of  Plant  Industry,  from  Fairhope,  Ala.,  February  i,  1922. 

C. — Telfair  citrangequat  (No.  48005)  from  McRae,  Telfair  Co.,  Ga.,  September  28, 
192 1.    Natural  size. 


PLATE  3 

Two  Thomasville  citrangequat  cuttings  (at  left  and  right)  each  4K  months  old. 
In  the  middle  two  18-months-old  seedlings,  showing  the  stubs  from  which  the  cuttings 
were  taken.     About  \  natural  size. 
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PLATE  4 

Evstis  limequat  (No  48798),  grown  in  the  greenhouse  at  Washington,  D.  C.     Natural 
size. 


PLATE  s 

A. — Lakeland  limequat  from  Lakeland,  Fla.,  November  6,  1919. 
B. — Tavares  limequat  from  Glen  St.  Mary,  Fla.,  December  23,  1921. 
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PRODUCTION    AND    DISPERSAL    OF   CONIDIA    IN    THE 
PHILIPPINE  SCLEROSPORAS  OF  MAIZE1 

Pathologist  in  Charge  of  Downy  Mildew  Investigations,  Office  of  Cereal  Investigations, 
Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture 

By  William  H.  Weston,  Jr.2 

INTRODUCTION 

The  members  of  the  genus  Sclerospora  have  come  to  be  recognized  as 
among  the  most  destructive  of  the  downy  mildews  (Peronosporaceae). 
They  long  have  been  responsible  for  considerable  injury  to  such  cereals 
as  millet  and  wheat  in  Europe  and  have  recently  occasioned  alarming 
losses  of  maize  and  related  crops  in  the  Orient. 

The  genus  is  known  to  produce  two  types  of  spores;  conidia  which  are 
not  at  all  hardy  but  serve  to  spread  the  disease  rapidly  under  favorable 
conditions,  and  resistant  oospores  which  enable  the  fungus  to  persist 
through  such  unfavorable  circumstances  as  drought,  extremes  of  tem- 
perature, or  freezing.  Unfortunately,  however,  comparatively  little  has 
been  known  of  the  methods  of  spore  production  and  dispersal  in  the  case 
of  these  fungi,  and  it  can  even  be  said,  as  Butler  (j),3  who  has  contributed 
largely  to  our  knowledge  of  the  oriental  forms,  remarks: 

The  life  history  of  the  cereal  downy  mildews,  which  all  belong  to  the  present  genus, 
is  the  most  obscure  among  the  Peronosporaceae. 

By  the  early  European  workers  who  described  the  type  species  (Sclero- 
spora graminicola  (Sacc.)  Schroet.)  on  which  the  genus  Sclerospora  was 
founded,  most  of  the  emphasis  was  laid  on  the  oospores,  and  very  little 
attention  was  paid  to  the  conidial  stage,  the  meager  descriptions  and 
illustrations  of  this  phase  obviously  depicting  herbarium  material  unfa- 
vorable for  study  (n,  p.  437-439,  fig.  7).  Recent  investigation  of  the 
several  downy  mildews  of  the  Orient,  however,  has  of  necessity  dealt 
chiefly  with  the  conidial  stage,  as  in  almost  all  of  these  cases  the  oospores 
apparently  play  little,  if  any,  part  in  the  life  history.  As  a  result,  our 
appreciation  of  the  importance  of  the  conidial  phase  of  Sclerospora  has 
been  increased,  and  our  knowledge  of  the  characteristics  of  the  conidi- 
ODhores  and  conidia  has  been  augmented  by  further  information. 

Unfortunately,  however,  the  available  information  concerning  the 
conidial  stage  of  the  Sclerosporas  is  still  all  too  scanty.  For  instance,  no 
data  have  been  furnished  on  the  process  of  conidiophore  and  conidium 
production,  its  duration,  its  amount,  and  its  relation  to  environmental 
conditions.  Yet  such  information  is  obviously  of  primary  importance, 
as  spore  production  and  dispersal  are  intimately  related  to  the  distribu- 
tion and  severity  of  the  disease ;  and  in  a  complete  knowledge  of  all  phases 
of  these  processes  lies  the  means  of  intelligently  effecting  control. 

During  the  past  two  years  the  writer  studied  the  destructive  downy 
mildews  of  maize  which  are  common  in  the  Philippines  and  found  that 

1  Accepted  for  publication  Aug.  31,  192 1. 

2  The  writer  wishes  again  to  express  his  gratitude  to  Dean  Baker,  Prof.  Reinking,  and  Prof.  Elayda,  of 
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to  Dr.  Merrill,  of  the  Philippine  Bureau  of  Science,  for  generously  extending  the  facilities  of  that  institution. 
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two  closely  related  but  specifically  distinct  conidial  Sclerosporas  were 
causal  there.  One  of  these,  Sclerospora  spontanea  Weston,  occurs  on 
maize  and  the  wild  grass  Saccharum  spontaneum  L.  in  the  Visayan  Islands 
and  is  particularly  distinguished  by  its  long,  slender  conidia;  while  the 
other,  Sclerospora  philippinensis  Weston,  occurs  on  maize  in  the  Island 
of  Luzon  and  has  relatively  short  conidia.  Papers  describing  the  char- 
acteristics and  discussing  the  destructiveness,  distribution,  and  relation- 
ship of  these  species  already  have  been  published  (24,  25). 

In  the  course  of  this  work  the  process  of  conidium  production  and  dis- 
persal has  been  worked  out ;  and  as  this  phase  of  the  life  history  of  Sclero- 
spora has  never  before  been  investigated  in  detail  and  shows  several 
points  which  are  of  considerable  importance  in  their  relation  to  control, 
and  of  some  interest  from  their  mycological  aspect,  these  are  presented  in 
the  following  paper. 

PRODUCTION  OF  CONIDIA 

As  has  been  reported  previously  by  the  writer  (24,  25),  the  conidial 
stage  is  the  important  one  in  the  life  history  of  the  Philippine  maize  mil- 
dews, as  it  is  by  means  of  this  stage  exclusively  that  the  widespread  and 
serious  destruction  of  maize  is  accomplished  in  the  Philippine  Islands, 
the  oospores  being  as  yet  unknown  on  this  host.  The  most  vital  phase  of 
the  conidial  stage  is  the  complex  and  hitherto  obscure  process  of  conidio- 
phore  and  conidium  production.  Detailed  consideration  of  this  matter 
necessitates  discussion  of  the  following  points:  the  demarcation  of  the 
conidiophore-bearing  areas  through  preliminary  paling  of  the  infected 
tissue;  the  influence  of  environmental  conditions,  especially  moisture,  in 
inducing  conidiophore  production  on  these  areas;  and  the  emergence  and 
development  of  the  conidiophores  thus  induced.  In  addition,  the  noc- 
turnal cycle  of  conidiophore  development  under  various  conditions,  the 
long  duration  of  this  production  in  relation  to  the  life  of  the  host,  and  the 
magnitude  of  the  numbers  of  conidia  produced  will  be  considered.  Be- 
cause the  two  causal  species  of  Sclerospora  agree  essentially  in  all  the 
main  features  of  conidium  production,  the  following  account  of  the  process 
except  as  noted  applies  equally  to  both. 

PRELIMINARY   PALING   OF  THE  CONIDIOPHORE-BEARING  AREAS 

When  a  maize  plant  becomes  infected  with  Sclerospora,  it  first  develops 
on  the  normally  green  leaves  markings  of  a  more  or  less  conspicuous  pale 
yellowish  white  color  (PL  1  B) ,  and  later  it  shows  on  the  areas  thus  marked 
a  down  or  felt  of  innumerable  conidiophores  and  conidia  (PI.  i,A).  These 
etiolated  markings  are  always  present  in  infected  plants  but  vary  greatly  in 
extent,  in  shape,  and  in  color  according  to  the  effect  of  such  factors  as  the 
individual  and  varietal  character  of  the  host,  the  age  at  which  it  became 
infected,  and  the  kind  of  climate  and  soil  which  have  influenced  it  subse- 
quently. As  a  result,  it  is  not  possible  to  cover  the  range  of  variation  by 
any  general  description  of  the  markings.  To  be  sure,  they  may  be 
grouped  roughly  into  such  categories  as  the  types  1,2,  and  3  recognized 
by  Palm  (16)  in  the  Javan  maize  mildew;  but  it  should  be  remembered 
that  these  types  are  not  differentiated  with  absolute  distinctness,  but 
intergrade. 

Certain  types  of  markings  are  not  associated  with  conidiophore  produc- 
tion and  hence  need  not  be  considered  here.  Palm's  third  type,  with 
slender  golden  striping  decreasingly  extensive  on  successive  leaves,  and 
the  markings  of  similar  characters  found  by  the  writer  (25)  to  result  from 
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infection  through  suckers,  as  well  as  the  inconspicuously  marbled  mark- 
ings described  later  in  this  paper  as  the  result  of  preventing  the  access  of 
dew  or  other  moisture  to  infected  leaves,  are  of  this  kind. 

Certain  markings,  however,  are  always  associated  with  conidiophore 
production.  The  most  common  of  these  have  been  described  and  illus- 
trated by  the  writer  (24)  for  the  maize  downy  mildew  of  the  Philippines, 
by  Butler  (5)  for  that  of  India,  and  by  Palm  (16)  and  Rutgers  (20)  for  that 
of  Java.  The  photographs,  diagrams,  and  colored  plates  in  these  papers 
show  the  general  characteristics  and  the  range  of  variation  in  color  and 
pattern  of  these  markings.  Consequently,  no  further  description  is 
necessary  at  this  point. 

It  should  be  noted,  however,  that  as  a  rule  the  markings  associated 
with  conidiophore  production  are  progressively  more  extensive  on  suc- 
cessive leaves.  This  is  especially  noticeable  in  those  markings  which, 
because  of  their  extremely  pale  color  and  large  areas,  are  particularly 
conspicuous;  and  which,  because  they  are  associated  with  excessively 
abundant  conidiophore  production,  are  of  especial  concern  to  us  here.  In 
general,  a  leaf  showing  such  marking  has  at  the  base  a  more  or  less  ex- 
tensive solidly  discolored  area  from  which  irregular,  jagged,  tongued 
protrusions  extend  toward  the  tip.  On  the  lowest  leaf  attacked  (which 
may  be  any  from  the  second  or  third  up  to  the  eighth  or  ninth)  this 
discolored  area  is  confined  to  a  small  portion  of  the  base  of  the  blade, 
while  on  each  successive  leaf  the  area  increases  in  extent  and  the  irregular 
protrusions  run  farther  and  farther  progressively  toward  the  tip,  until 
on  the  last  leaves  the  yellowish  white  discoloration  occupies  the  whole 
blade  (fig.  1). 

The  development  of  this  pale  color  throughout  these  leaf  markings  of 
the  diseased  plant  is  a  gradual  one.  When  infected  but  as  yet  normal 
plants  are  kept  under  constant  observation  during  the  appearance  of  the 
disease  symptoms,  it  is  noticed  that  in  the  normal  dark  green  of  the 
leaves  that  are  already  unfolded,  areas  of  the  characteristic  shapes  that 
have  been  described,  pale  gradually  through  a  yellowish  green,  then 
yellow,  to  a  yellowish  white  color.  The  process  is  usually  a  gradual  one, 
requiring  several  (6  to  24)  hours  from  the  beginning  of  the  first  difference 
in  shade  until  the  assumption  of  the  final  persistent  whitish  color.  Since 
this  loss  of  color  is  due  to  changes  in  the  chlorophyl-bearing  cells  of  the 
leaf  brought  about  by  the  invading  hyphae  of  the  parasite,  it  is  remarkable 
that  so  decided  an  alteration  can  be  effected  in  what  is  relatively  so  short 
a  time.  The  whitening  of  these  areas  may  take  place  apparently  at  any 
hour,  but  in  most  cases  observed  it  has  been  seen  to  occur  during  the 
night  or  in  the  early  morning. 

It  should  be  emphasized  particularly  that  the  extent  of  these  discolored 
areas  is  established  at  the  beginning,  and  no  increase  in  size  takes  place 
as  time  goes  on.  If,  as  soon  as  the  discolored  areas  of  an  infected  plant 
have  paled  sufficiently  to  be  distinguished,  they  are  outlined  lightly  with 
waterproof  ink,  it  can  easily  be  seen  that  when  once  defined  they  never 
grow  out  toward  the  tip  of  the  leaf,  but  their  outlines  remain  unchanged 
in  extent.  Moreover,  if  in  a  downy-mildewed  plant  one  dissects  out  the 
young  leaves,  on  the  tips  of  which  the  markings  can  be  seen  as  they  unroll 
from  the  bud,  the  discolored  areas  on  the  inclosed  part  of  the  leaf  will  be 
found  already  faintly  defined.  These  faintly  distinguishable  areas  may, 
to  be  sure,  expand  somewhat  as  the  unrolling  leaf  expands  to  its  normal 
dimensions,  but  they  show  no  progressive  growth  once  the  marked  areas 
are  established. 
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RELATIONSHIP  OF  CONIDIUM  PRODUCTION  TO  ENVIRONMENTAL  CONDITIONS 

After  the  infected  corn  plant  has  developed  the  peculiar  yellowish 
white  markings  which  are  characteristic  of  the  disease,  the  production  of 
conidiophores  and  conidia  on  these  areas  begins.  Just  how  soon  this  can 
occur  has  not  been  determined;  but  in  most  of  the  cases  observed,  in 


Fig.  i. — Diagrams  (from  tracings)  showing  the  characteristic  configuration  and  extent  of  the  etiolated 
conidiophore-bearing  areas  on  successive  leaves  of  conspicuously  diseased  maize  plants  (A,  plant  1; 
B,  plant  io.  Table  II).  The  etiolated  area  (white)  is  increasingly  greater  and  the  unaffected  area  (black) 
increasingly  smaller  on  successively  developed  leaves.  The  proportion  of  the  total  surface  which  pro- 
duces conidia  is  relatively  large.    Scale  in  inches. 

which  the  paling  of  the  symptomatic  markings  took  place  at  night  or  in 
the  early  morning,  conidium  production  from  these  diseased  areas  began 
the  next  night  if  environmental  conditions  were  immediately  favorable. 
Under  less  favorable  circumstances,  however,  several  nights  sometimes 
elapsed  before  conidia  were  produced. 
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The  production  of  conidia  from  the  diseased  plant  takes  place  almost 
without  exception  at  night.  Of  the  conditions  which  obtain  during  the 
night  in  the  Philippines,  the  most  essential  to  conidiophore  production 
is  apparently  the  presence  of  a  layer  of  moisture  on  the  surface  of  the 
infected  plants.  In  this  regard  dew  plays  the  foremost  part  under  custom- 
ary field  conditions,  while  gentle  rains  are  of  somewhat  less  importance. 
The  film  of  moisture  must  not  be  temporary  but  must  persist  for  at  least 
four  or  five  hours  to  pennit  the  conidiophore  buds  to  protrude  from  the 
stomata,  develop  into  conidiophores  and  mature  conidia.  The  maxi- 
mum production  of  conidia  is  attained  when  the  whole  plant  surface  is 
drenched  and  dripping  with  a  heavy  deposition  of  dew,  as  happens  when 
still,  clear,  cool  nights  follow  hot,  rainy  days.  A  gentle,  drizzling  rain 
persisting  through  the  night  and  keeping  the  surface  of  the  corn  plant 
covered  with  a  layer  of  moisture  also  results  in  conidium  formation, 
though  to  a  less  extent.  During  violent,  nocturnal  storms,  however, 
when  the  plants  are  beaten  with  driving  torrents  of  rain,  comparatively 
little  conidium  production  occurs,  and  then  only  on  the  more  protected 
parts  of  the  plant  where  the  delicate  conidiophores  can  develop  uninjured. 
No  conidium  formation  takes  place  on  nights  when  there  is  no  deposition 
of  dew  on  the  infected  plants,  or  when  the  temporary  surface  layer  of 
moisture,  whether  of  dew  or  rain,  is  dried  in  a  short  time  by  inopportune 
winds. 

That  the  nocturnal  production  of  conidia  by  the  downy  mildew  depends 
on  the  presence  of  a  layer  of  moisture  over  the  host  leaves  was  found  to 
hold  true  not  only  under  natural  conditions  in  the  field  but  also  under  the 
controlled  conditions  of  various  experiments.  A  number  of  maize  seed- 
lings, after  being  inoculated  with  the  downy  mildew,  were  divided  into 
two  lots,  one  of  which  was  exposed  to  the  usual  field  conditions,  while  the 
other  was  kept  indoors  protected  from  dew,  rain,  or  other  surface  mois- 
ture. After  the  normal  incubation  period  both  lots  developed  the  dis- 
colored markings  characteristic  of  the  disease;  but  although  on  successive 
moist  nights  the  exposed  plants  produced  abundant  conidiophores,  the 
plants  indoors,  on  the  contrary,  consistently  failed  to  produce  any  coni- 
diophores whatever.  After  this  had  gone  on  for  10  days  a  few  plants 
from  the  exposed  lot  were  brought  indoors,  and  a  like  number  of  the 
indoor  lot  were  placed  in  the  field.  On  the  first  favorably  moist  night 
thereafter  conidiophore  production  took  place  on  the  latter  newly  ex- 
posed plants,  although  previously,  while  indoors,  this  had  never  occurred. 
On  the  contrary,  the  plants  which  had  been  supporting  abundant  coni- 
diophore production  in  the  field  now,  when  brought  indoors,  ceased  to 
bear  any  conidiophores  whatever.  Those  other  plants  of  the  original 
lots  which  had  been  left  indoors  or  had  remained  in  the  field  continued 
to  behave  as  heretofore.  By  varying  the  procedure  in  a  series  of  experi- 
ments such  as  this,  the  dependence  of  conidiophore  production  on  noc- 
turnal moisture  on  the  host  was  clearly  demonstrated.  When  once  this 
dependence  was  realized,  it  was  comparatively  simple  to  manipulate 
conditions  so  that  the  formation  of  conidiophores  was  induced  or  stopped 
at  will. 

It  should  be  noted,  however,  that  conidiophore  production  on  an 
infected  plant  can  not  thus  be  induced  month  after  month  indefinitely, 
but  if  continued  at  intervals  in  experiments  will  gradually  cease, 
being  limited  in  duration  as  it  is  in  plants  growing  undisturbed  in  the 
field.     For  example,  if  under  field  conditions  the  production  of  conidia 
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on  a  set  of  plants  extends  over  two  months,  then  this  time  will  be  the 
limit  for  inducing  conidium  formation  on  a  similar  set  of  plants  which 
after  inoculation  have  been  kept  indoors  except  when  exposed  to  dew 
for  occasional  tests.  It  should  be  noted  also  that  the  markings  of  the 
disease  on  inoculated  plants  indoors  are  relatively  inconspicuous  when 
they  appear. and  gradually  become  less  and  less  marked  until  eventually 
they  are  so  greenish  in  color  and  so  broken  up  and  interrupted  in  pattern 
that  they  are  only  recognized  with  difficulty. 

In  general,  conidium  production  by  the  downy  mildew  takes  place 
from  the  surface  of  the  host  chiefly  on  the  discolored  areas  characteristic 
of  the  disease  (PI.  4,  B,  C,  D).  It  may  also  occur,  although  less  abun- 
dantly, on  areas  of  the  host  that  are  apparently  normal.  Microscopic 
examination  shows  that  the  discolored  areas  harbor  the  most  abundant 
mycelium  in  their  tissues;  but  even  areas  that  are  seemingly  healthy, 
and  in  fact  any  part  of  the  diseased  plant  except  the  roots,  may  be 
invaded  to  some  extent  by  the  Sclerospora  hyphae.  As  a  result,  in  the 
case  of  plants  which  have  become  infected  after  they  have  attained  suffi- 
cient growth  so  that  they  can  struggle  along  to  maturity  in  spite  of  the 
parasite,  abundant  conidiophore  production  may  occur  not  only  from 
the  leaves  but  also  from  the  leaf -sheaths  (PI.  4,  E),  from  the  husks 
PL  5,  B),  from  the  abnormal  bract-like  structures  which  are  produced 
by  diseased  tassels  and  ears  (PL  5,  A),  from  the  upper  internodes  of  the 
stem,  from  normal  parts  of  the  tassel,  and  from  the  green,  exposed  tips 
of  infected  ears. 

Conidiophore  production  may  take  place  on  both  surfaces  of  the  leaf. 
Whether  the  conidiophores  emerge  from  the  upper  or  lower  surface  of  a 
leaf  depends  first,  on  the  presence  of  stomata  through  which  the  conidio- 
phores may  develop,  and,  second,  on  the  presence  of  a  sufficient  layer  of 
moisture  to  induce  this  development.  In  maize  the  distribution  of  the 
stomata  is  rather  uniform,  the  number  in  the  lower  surface  of  the  leaf 
exceeding  only  slightly  those  in  the  upper.  As  a  result,  if  other  condi- 
tions are  equal,  the  abundance  of  conidiophore  production  may  be  some- 
what greater  from  the  lower  surface,  but  as  a  rule  it  appears  to  be  about 
the  same  on  both. 

The  presence  of  a  layer  of  moisture  on  the  leaf  surfaces  is  determined 
by  climatic  conditions.  During  a  gentle,  drizzling,  nocturnal  rain  there 
is  deposited  on  the  exposed  upper  surface  of  the  leaf  a  sufficient  layer  of 
moisture  to  induce  conidium  formation  there,  while  the  protected  lower 
surface  is  for  the  most  part  dry  and  bears  no  conidiophores.  Dew,  how- 
ever, is  usually  deposited  rather  uniformly  over  the  infected  plant,  on 
both  the  upper  and  lower  surfaces  of  the  leaves,  and  hence  induces 
conidiophore  production  which  either  is  approximately  equal  on  both 
surfaces  or  else  is  somewhat  more  abundant  on  the  lower,  because  of  the 
more  numerous  stomata  there. 

This  relatively  even  distribution  of  the  conidiophores  induced  by  dew 
is  the  type  most  frequently  encountered  on  maize  in  the  Philippines, 
and  the  reports  of  Butler  (j),  Rutgers  (20),  and  Palm  (16)  that  conidio- 
phores occur  on  both  surfaces  but  are  slightly  more  abundant  on  the 
lower  would  indicate  a  similar  condition  in  the  case  of  the  other  oriental 
maize  mildews.  On  sugar  cane,  however,  at  least  on  the  only 
conidiophore-producing  plant  which  the  writer  found  in  the  Philippines, 
the  conidiophores  are  almost  wholly  confined  to  the  under  surface  of 
the  leaves,  and  this  is  true  also  of  the  wild  grass  Sacckarum  spontaneum. 
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That  this  is  not  due  to  any  character  inherent  in  the  fungus  is  shown  by 
the  fact  that  both  species  of  conidial  Philippine  Sclerosporas  behave  in 
this  way  when  growing  on  5.  spontaneum  and  yet  develop  conidiophores 
on  both  sides  of  the  leaves  when  growing  on  maize.  On  the  contrary, 
the  restriction  to  the  lower  surface  of  the  leaves  of  sugar  cane  and  the 
related  wild  Saccharum  is  attributable  to  the  fact  that  in  this  genus  by 
far  the  greater  proportion  of  stomata  are  on  the  under  surface.  Dickhoff 
(6)  and  others  have  found  this  condition  in  sugar  cane,  and  the  writer 
has  corroborated  it  in  the  wild  Saccharum.  It  is  of  interest  to  note  also 
that  Miyake  {15)  reports  that  the  Formosan  downy  mildew  forms  conidio- 
phores only  on  the  under  surface  of  the  leaf  in  sugar  cane  but  on  both 
surfaces  in  maize  and  teosinte. 

When  the  production  of  conidiophores  and  conidia  by  the  Sclerospora 
mycelium  in  a  leaf  first  begins,  it  is  not  usually  abundant.  It  starts  on 
the  first  night  with  the  protrusion  of  a  few  scattered  conidiophores  from 
the  surface  of  a  badly  affected  area  usually  along  or  adjacent  to  the  midrib. 
During  succeeding  nights  more  and  more  conidiophores  appear  until 
finally  vast  numbers  are  produced  nightly.  As  a  rule,  conidiophores 
appear  first  on  the  lowest  leaves  and  leaf  sheaths,  which  are  markedly 
affected,  and  later  develop  progressively  upward  on  the  younger  leaves 
of  the  plant. 

After  discovering  that  conidiophores  were  produced  by  the  downy 
mildew  only  at  night,  the  writer  naturally  endeavored  to  determine  what 
factors  operative  during  the  night  served  to  induce  the  mycelium  of  the 
fungus  to  send  out  conidiophores  through  the  stomata  of  the  host  leaves. 
The  conditions  of  the  environment  which  prevail  at  night  are  darkness, 
lowered  temperature,  and  the  deposition  of  a  layer  of  moisture  on  the 
surface  of  the  host  plant;  the  plant's  stomata  are  nearly  or  quite  closed, 
and  metabolism  is  altered  after  the  cessation  of  the  photosynthesis  which 
went  on  during  the  day.  Hence,  changes  follow  in  the  chemical  content 
of  the  host  cells  and  even  of  the  gases  in  the  substomatal  chambers. 

An  attempt  was  made  to  determine  by  experiment  which  of  these 
factors,  or  combination  of  interacting  factors,  was  involved.  It  was 
found  that  darkness  was  not  operative  alone,  nor  in  conjunction  with  the 
closed  stomata  and  the  metabolic  changes  following  cessation  of  photo- 
synthesis. No  conidia  were  produced  during  the  day  time  on  infected 
plants  kept  in  dark  chambers,  either  at  normal  temperatures  or  cooled  by 
ice ;  nor  at  night  on  plants  which  were  cooled  naturally  and  which  had  been 
undergoing  normal  photosynthesis  in  the  sun  during  the  day.  Hence,  it 
seems  logical  to  conclude  that  neither  darkness  alone,  nor  darkness  and 
lowered  temperature  combined,  nor  darkness  and  lowered  temperature 
following  normal  exposure  to  the  sun  were  the  essential  factors  involved. 
Because  in  the  first  two  instances  the  stomata  were  closed  in  plants  in  the 
dark  chambers,  and  because  in  the  third  case  the  stomata  were  closed  and 
the  condition  of  the  cells  was  the  normal  one  after  photosynthesis  had 
ceased,  it  seems  doubtful  if  these  factors  also  are  of  any  particular  influ- 
ence in  conidiophore  production. 

The  remaining  factor,  however,  the  presence  of  a  layer  of  moisture 
deposited  on  the  surface  of  the  infected  plant,  does  seem  to  be  directly 
connected  with  conidiophore  production.  The  writer  found  by  a  number 
of  experiments,  some  of  which  have  already  been  described  earlier  in  this 
paper,  that  apparently  it  is  the  dew  or  other  moisture  on  the  surface  of 
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the  plants  which  induces  the  nocturnal  conidiophore  production.  Just 
how  this  layer  of  moisture  operates  in  this  connection  is  unknown. 
Possibly  the  layer  of  moisture  is  effective  by  sealing  the  stomata  and 
influencing  the  gas  or  moisture  content  within  the  substomatal  chambers, 
so  that  this  in  turn  affects  the  branches  of  the  mycelium  located  there. 
It  seems  more  probable  to  the  writer,  however,  that  this  layer  of  moisture 
covering  the  stomatal  pores  furnishes  the  emerging  conidiophores  of  the 
Sclerospora  the  necessary  moisture  for  their  development  and  that  this 
development  can  not  take  place  in  the  air  alone.  If  this  is  the  case,  it 
arouses  the  interesting  conjecture  that  this  relationship  may  be  of  phylo- 
genetic  significance,  an  indication  of  steps  by  which  the  terrestrial 
Peronosporaceae  have  been  evolved  from  aquatic  saprolegniaceous  an- 
cestors. 

However,  attempts  to  induce  conidiophore  production  during  the  day 
by  supplying  a  layer  of  surface  moisture  to  the  infected  plants  were 
entirely  unsuccessful.  Plants  which  had  been  actively  producing  conidio- 
phores night  after  night  were  put  in  an  ice  chest  and  kept  at  a  lower 
temperature  for  some  hours;  but  although  moisture  was  deposited  on  the 
inner  walls  of  the  container,  the  leaves,  probably  because  their  respiration 
prevented  them  from  reaching  the  dewpoint,  remained  free  from  dew. 
The  surface  of  the  infected  plant  was,  therefore,  kept  covered  with  a  thin 
layer  of  moisture  by  repeated  spraying.  No  conidiophores,  however, 
were  formed,  although  a  darkened  ice  chest  and  also  a  light  double-walled 
glass  chamber  maintained  at  the  same  temperature  were  used  in  the 
experiments.  Moreover,  heavily  infected  leaves  of  such  plants  when 
fastened  so  that  they  were  submerged  in  jars  of  pure  water  produced  no 
conidiophores  either  during  the  day  or  at  night.  These  experiments  are 
admittedly  crude,  and  it  is  probable  that  the  processes  resulting  in  conidio- 
phore production  in  the  surface  layer  of  moisture  are  delicate  physiologic 
ones  which  will  require  careful  study  under  the  most  exactly  controlled 
experimental  conditions  before  they  are  thoroughly  understood.  Even- 
tually this  phase  of  the  problem  should  be  carefully  worked  out ;  but  at 
present,  even  though  the  relationship  is  not  entirely  understood,  it  can 
be  said  that  the  formation  of  conidiophores  in  both  species  of  Philippine 
Sclerosporas — whether  on  maize,  teosinte,  sugar  cane,  sorghum,  Sac- 
charum  spontaneum,  or  Miscanlhus  japonicus  Anderss. — never  takes  place 
except  when  the  surface  of  the  host  is  covered  with  a  persistent  layer  of 
moisture  during  the  night  or  very  early  morning. 

As  condidiophore  production  in  these  Philippine  Sclerosporas  has  been 
found  by  the  writer  to  be  restricted  so  rigidly  to  the  night  time,  it  is  of 
interest  to  note  whether  any  such  restriction  has  been  observed  by  inves- 
tigators of  the  other  important  conidial  Sclerosporas  of  the  Orient. 
Apparently  Miyake  (15)  alone  appreciated  that  conidium  production 
was  nocturnal.  Not  only  Butler  (j)  in  his  investigation  of  Sclerospora 
maydis  (Rac.)  Butl.,  in  India,  but  also  Raciborski  (19),  Rutgers  (20) 
and  Palm  (16)  in  their  successive  studies  of  S.  Javanica  Palm,  of  maize 
in  Java,  failed  to  grasp  this  point.  To  be  sure,  Rutgers  realized  that 
there  was  a  relationship  between  conidium  production  and  moisture, 
since  he  stated  that  the  fungus  in  the  early  morning  was  like  a  white 
down  on  the  moist  leaves  while  later  in  the  day  when  the  conidiophores 
and  conidia  were  dried  it  gave  a  fine  granular  effect  as  of  dried  salt  solu- 
tion. Palm  (16),  on  the  other  hand,  regarded  moisture  as  essential,  not 
for  the  production,  but  for  the  germination,  of  the  conidia,  and  consi- 
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dered  it  necessary  to  secure  inoculating  material  early  in  the  morning 
(around  9  o'clock)  when  the  leaves  were  moist.  Miyake  (15)  however, 
in  his  investigation  of  5.  sacchari  Miy.,  of  sugar  cane  in  Formosa,  learned 
that  conditions  obtaining  at  night  were  in  some  way  involved  in  inducing 
conidiophore  production.  In  an  endeavor  to  secure  material  suitable 
for  germination  experiments  he  placed  infected  cane  leaves  in  glass  jars 
which  were  inverted  over  shallow  dishes  of  water.  Under  these  con- 
ditions he  found  that  deposition  of  spores  always  took  place  at  night 
and  never  in  the  day  time,  no  matter  at  what  time  these  cultures  were 
started.  To  observe  the  procedure  more  carefully  he  prepared  similar 
moist  chamber  cultures  which  he  examined  hourly  from  5  p.  m.  De- 
position of  conidia  began  at  1.30  a.  m.  and  continued  until  2.30  a.  m. 
He  concluded  that  during  the  day  time  the  fungus  prepares  for  conidi- 
ophore and  spore  formation  which  takes  place  during  the  night,  but  he 
believed  his  investigations  needed  repetition.  Miyake  realized  that 
conidia  were  deposited  at  night  under  these  laboratory  conditions  and 
inferred  that  this  was  true  in  the  field  also,  but  apparently  he  did  not 
appreciate  that  this  occurs  repeatedly  night  after  night  on  infected 
plants,  nor  did  he  attempt  to  determine  whether  moisture,  darkness,  or 
other  night  conditions  are  responsible. 

DEVELOPMENT  OF  THE   CONIDIOPHORES 

Whenever  and  wherever  it  may  occur,  however,  the  development  of 
the  conidiophores  and  conidia  follows  the  same  general  procedure.  As 
has  been  said  above,  it  is  apparently  the  covering  of  the  surface  of  the 
maize  plant  with  moisture  which  influences  the  Sclerospora  mycelium 
within  the  tissues  of  the  host  to  produce  conidiophores  and  conidia. 
After  the  host  surface  is  thus  covered,  the  stout  mycelial  branches  which 
are  located  in  the  intercellular  spaces  and  in  the  air  chambers  beneath 
the  stomata  (PI.  7,  G,  H)  begin  to  send  out  prolongations,  several  of 
which  push  through  each  partly  closed  stomatal  pore  (PI.  7,  B,  C,  D) 
and  give  rise  to  a  compact  group  of  several  simple  or  branched  knob- 
like processes  (Pi.  7,  E)  which  are  closely  appressed  to  the  outer  leaf 
surface,  covering  the  stoma.  From  each  of  these  knobs  develops  a  cla- 
vate  hypha  (PI.  8,  B,  C),  the  main  axis  of  the  conidiophore,  which  in- 
creases rapidly  in  size  (PI.  8,  D,  B)  and  finally  forms  at  its  apex  the 
papillate  buds  (PI.  8,  J),  which  grow  into  the  stout  primary  branches 
(PI.  8,  K,  M).  As  these  extend  they,  in  turn,  form  at  their  apices  the 
paired  protrusions  which  become  the  secondary  branches  (PI.  8,  N) ; 
and  in  like  manner  the  tertiary  or  even  quarternary  series  of  branches 
are  developed  (PI.  8,  0)  until  finally  from  the  ultimate  tips  arise  the 
sterigmata.  From  the  apex  of  each  sterigma  buds  out  a  conidium  (PI.  8 , 
Q)  which  grows  rapidly,  beginning  as  a  small,  globular  protrusion  (PI. 
8,  R,  S)  and  passing  successively  in  its  development  through  globular 
pyriform,  oval  or  ellipsoidal  stages  (PI.  9,  A-I),  until  finally  it  attains 
the  size  and  shape,  usually  rounded  cylindric,  of  maturity,  and  is  cut 
off  from  the  sterigma  by  a  wall  (Pi.  9,  J,  K,  W). 

These  successive  stages  of  conidiophore  development  require  several 
hours  for  their  completion.  The  formation  of  the  group  of  knoblike 
conidiophore  initials  is  not  completed  until  the  surface  of  the  plant  has 
been  covered  with  moisture  for  two  to  four  hours;  and  the  development 
of  the  conidiophore  and  conidia  to  maturity  consumes  about  three  hours 
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more.  The  process  is,  however,  a  continuing  one,  the  knoblike  conidi- 
ophore  initials  developing  into  conidiophores  one  after  another  in  fairly 
regular  succession  so  that  several  stages  of  the  transition  from  the 
initials  to  the  completed  conidiophore  are  usually  found  over  a  stoma 
(PL  7,  F;  10,  G,  H). 

In  many  cases  the  first  "crop"  of  conidiophores  which  matures  seems 
to  be  the  maximum  one,  successive  "crops"  being  somewhat  less  heavy. 
When  badly  infected  leaves  are  examined  at  the  time  of  maximum 
conidium  production  (usually  about  2.30  a.  m.)  they  are  seen  to  present 
a  striking  appearance.  The  moist  surface  is  covered  with  a  dense 
grayish  white  "down"  of  innumerable  conidiophores  whose  treelike 
shape  can  be  distinguished  on  closer  inspection. 

Attempts  were  made  to  determine  whether  the  groups  of  knoblike 
processes  over  the  stomatal  pores  were  renewed  each  night  by  growth 
from  the  internal  mycelium,  or  were  able,  if  not  entirely  used  up  in 
developing  conidiophores  during  one  night,  to  survive  the  day  and  form 
conidiophores  the  night  following.  In  occasional  instances,  especially 
in  Saccharum  spontaneum  with  its  sunken,  protected  stomata  (PI.  7,  H), 
and  during  rainy  or  cloudy  days,  leaves  sectioned  during  the  day  showed 
groups  of  knobs  that  were  apparently  still  viable.  As  a  rule,  however, 
indications  were  that  these  groups  dried  up  and  were  replaced  by  new 
ones  which  pushed  out  of  the  stoma  on  the  next  favorable  night.  Further 
investigation  is  necessary  to  settle  this  point  conclusively. 

It  is  noteworthy  that  the  tips  of  the  conidiophores  customarily  pro- 
trude slightly  from  the  surface  of  their  layer  of  moisture  on  the  leaf,  so 
that  the  conidia  and  sterigmata  and  perhaps  even  the  ultimate  branch 
tips  are  free,  although  beaded  with  adherent  droplets  of  moisture  or  even 
covered  by  a  single  larger  drop  which  involves  the  whole  head.  To 
some  extent  there  is  apparently  a  relation  between  the  thickness  of  the 
moisture  layer  on  the  leaf  surface  and  the  height  of  the  conidiophores. 
In  scanty  dew  when  the  layer  of  moisture  on  the  leaf  is  very  thin,  the 
conidiophores  are  short  and  stocky;  while  those  which  develop  in  deeper 
layers  of  heavy  dew  are  usually  longer.  In  both  cases  the  conidia  are 
borne  just  above  the  surface  of  the  moisture  layer.  It  should  be  noted, 
however,  that  the  specific  distinctions  of  length  which  exist  between  the 
conidiophores  of  Sclerospora  philippinensis  and  5.  spontanea  are  not 
invalidated  thereby;  since  especially  in  their  longer  and  more  slender 
foot  cells  the  conidiophores  of  the  latter  maintain  their  proportionate 
differences  even  when  the  two  are  grown  under  the  same  conditions 
(PL  8,  O,  P;  10,  B,  F). 

DISCHARGE   OF  TH£   CONIDIA 

In  view  of  the  fact  that  the  conidia  were  borne  just  barely  above 
the  surface  of  the  layer  of  moisture  on  the  leaf,  or  even  involved  in 
adherent  droplets,  and  yet  (as  will  be  shown  later)  were  distributed  in 
vast  numbers  by  the  slightest  air  currents,  it  did  not  seem  possible  to  the 
writer  that  mere  passive  adjunction  of  the  conidia  from  the  sterigmata 
could  be  accountable  for  all  that  was  observed.  When,  for  instance, 
Petri  dishes  containing  a  thin  layer  of  nutrient  agar  were  placed  at  the 
base  of  a  young,  infected,  corn  plant  from  which  abundant  conidium 
production  took  place  nightly,  and  when  the  whole  was  covered  by  a  large 
bell  jar  firmly  pressed  into  the  earth  and  allowed  to  remain  overnight, 
in  the  morning  the  surface  of  the  agar  was  found  covered  with  innumer- 
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able  conidia.  If  the  conidia  merely  dropped  off  the  sterigmata,  they 
would  of  course  fall  down  to  the  Petri  dishes  from  the  lower  surface  of 
the  more  or  less  horizontal  leaves;  but  those  produced  on  the  upper 
surface  would  hardly  be  carried  off  by  the  slight  convection  currents 
within  the  jar  rapidly  enough  to  prevent  most  of  them  from  falling  into 
the  moisture  on  the  upper  surface  of  the  leaf.  Microscopic  examination 
of  the  moisture  on  the  upper  and  lower  surfaces  of  the  horizontal  portion 
of  such  a  leaf,  however,  showed  no  more  spores  in  the  former  than  in 
the  latter,  and  relatively  very  few  in  either.  Moreover,  a  whitish  deposit 
of  innumerable  conidia  often  was  observed  on  healthy  leaves  which, 
in  crowded  plantings,  stood  in  close  juxtaposition  to  infected,  spore- 
bearing  leaves.  This  occurred  even  when  the  parts  were  sheltered  and 
were  in  such  a  vertical  or  oblique  position  as  to  preclude  the  possibility 
of  such  a  deposit  accumulating  from  conidia  which  merely  fell. 

From  such  observations  the  writer  was  led  to  suspect  that  the  conidia 
were  actively  discharged.  To  obtain  further  information  on  this  point 
the  following  experiments  were  performed  on  maize  infected  with  Sclero- 
spora  philippinensis.  During  the  afternoon  the  leaf  of  a  badly  diseased 
plant  that  was  known  to  be  producing  abundant  conidia  each  night  was 
carefully  scraped  with  a  scalpel  until  its  surface  was  entirely  free  from  all 
dried  remnants  of  the  last  night's  conidiophores.  The  leaf  was  then  fas- 
tened to  a  stake  so  that  this  scraped  surface  was  held  rigidly  in  a  vertical 
plane. .  Facing  this  surface  a  slide,  previously  smeared  lightly  with  clear 
agar,  was  fastened  securely  at  a  very  slight  angle,  with  the  upper  end 
almost  touching  the  leaf  and  the  lower  end  about  3  mm.  away.  The 
earth  around  the  plant  was  then  watered  copiously;  and  the  whole  was 
covered  with  a  large  tin  can  the  edges  of  which  were  pressed  firmly  into 
the  earth  and  sealed  with  wet  clay.  Early  the  next  morning  this  cover 
was  removed  carefully  so  as  not  to  disturb  the  plant;  and  the  slide  was 
dexterously  lifted  away  without  touching  it  to  the  leaf  surface.  On  ex- 
amination the  slide  was  found  to  be  covered  with  freshly  germinating 
conidia  for  some  distance  from  the  edge  nearest  the  leaf.  By  substitut- 
ing a  strip  of  black  cardboard  for  the  slide,  a  faint  spore-print,  decreas- 
ingly  dense  toward  the  end  farthest  from  the  leaf,  was  obtained. 

More  direct  evidence  was  secured  as  follows.  Under  a  strong  beam  of 
light  concentrated  by  a  condenser,  a  portion  of  the  leaf  surface  where 
abundant  conidium  production  was  taking  place  was  watched  contin- 
uously through  low  power  magnification.  Under  these  conditions  the 
conidiophores,  their  tops  heavy  with  clumps  of  maturing  conidia,  could 
be  seen  standing  in  rows  corresponding  to  the  rows  of  stomata  below. 
During  long  observation  occasional  clumps  of  conidia  were  seen  to  flash 
away  as  momentarily  gleaming  specks,  leaving  a  gap  in  the  line  of  conidi- 
ophores. 

In  the  opinion  of  the  writer  these  experiments  and  observations  indi- 
cate that  the  conidia  are  forcibly  thrown  off  from  the  sterigmata.  It  will 
rest  with  future  and  more  precise  investigations  to  prove  this  conclu- 
sively. 

Attempts  were  made  to  determine  the  means  by  which  discharge  of  the 
conidia  was  accomplished.  Because  all  efforts  to  grow  the  Sclerosporas 
in  pure  culture  failed,  it  was  impossible  to  study  the  developing  conidio- 
phores in  Van  Tieghem  cells;  and  it  was  found  equally  impossible  to 
adjust  conidiophore-bearing  leaves  for  study  under  the  high  power  with- 
out disturbing  the  moisture  on  the  leaf  and  interfering  with  conidium 
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discharge.  However,  in  so  far  as  could  be  determined  by  a  study  of 
conidiophores  mounted  in  all  stages  before  and  after  discharge  of  the 
conidia,  the  process  apparently  takes  place  as  follows :  At  the  point  where 
the  maturing  conidium  is  attached  to  the  sterigma,  the  wall  across  the 
base  of  the  conidium  and  that  across  the  apex  of  the  sterigma  are,  when 
first  formed,  quite  flat  in  contact  with  each  other.  Later  the  increasing 
turgidity  of  the  conidium  and  sterigma  causes  these  membranes  to  bulge 
outward,  a  tendency  which  is  restrained  by  the  adhesion  of  the  two  sur- 
faces to  each  other.  As  this  impulse  to  bulge  outward  increases  more 
and  more,  however,  it  finally  reaches  a  point  where  it  overcomes  the 
adhesion  of  the  two  surfaces;  and  with  a  sudden  snap  the  basal  septum 
of  the  conidium  and  the  apical  septum  of  the  sterigma  bulge  sharply 
outward  and  shoot  the  conidium  away.  In  abundant  fresh  material  all 
the  stages  of  this  process  can  be  traced,  the  flatness  of  the  base  wall  of 
the  conidium  and  the  apex  of  the  sterigma  before  (PI.  9,  L-V),  and  the 
bulging  after  discharge,  being  particularly  noticeable. 

Apparently  all  the  conidia  on  one  conidiophore  customarily  are  ejected 
at  once;  but  occasionally  a  conidiophore  was  encountered  with  most  of 
its  sterigma  tips  bulged  out  and  obviously  just  freed  from  their  conidia; 
while  on  one  or  two  branches  seemingly  less  mature,  the  conidia  still 
remained  in  situ  (PI.  9,  W). 

When  the  conidiophore  has  discharged  its  conidia,  its  vitality  declines, 
it  is  attacked  by  bacteria  which  swarm  in  the  moisture  on  the  leaf  sur- 
face, and  after  dawn  it  is  shrivelled  by  the  sun  to  a  dry,  almost  unrecog- 
nizable mummy  (PI.  10,  C,  D,  K,  H).  In  no  case  was  seen  any  evidence, 
such  as  sterigmata  with  their  apices  burst  open,  which  would  indicate 
that  an  explosive  ejection  of  the  conidia,  with  loss  of  contents  and  subse- 
quent collapse  of  the  conidiophores,  had  taken  place. 

The  discharge  of  conidia  by  the  sudden  bulging  out  of  walls  formerly 
flat  in  contact  with  each  other  was  first  described  according  to  Buller  (2) 
by  Nowakowski  for  the  Kntomophthoreae.  It  has  since  been  found  by 
Buller  (2)  to  take  place  in  the  case  of  the  basidiospores  of  certain  Hymeno- 
mycetes,  and  by  Coons  (5)  also  in  the  case  of  the  sporidia  of  Gymnos- 
porangium.  In  view  of  this,  it  is  of  interest  to  note  that  a  similar  method 
of  spore  discharge  apparently  obtains  in  the  genus  Sclerospora  of  a 
family  (Peronosporaceae)  in  which  the  passive  abj unction  of  the  conidia 
has  been  assumed  hitherto. 

The  distance  which  the  Sclerospora  conidia  are  ejected  is  very  minute. 
With  the  apparatus  available  no  accurate  measurements  could  be  made; 
but  by  such  crude  devices  as  the  slanting  slide  mentioned  above,  the 
trajectory  limit  was  approximately  determined  as  about  1  to  2  mm. 
Small  as  this  distance  is,  however,  it  suffices  to  carry  the  conidia  into  the 
air  where  they  are  wafted  away  by  more  or  less  rapid  air  currents ;  and  it 
is  noteworthy  that  this  process  of  conidium  discharge  is  remarkably  well 
adapted  to  secure  the  dispersal  by  air  currents  of  conidia  flung  from  the 
moist  surface  of  the  maize  plant. 

NOCTURNAL   CYCU3    OF   CONIDIOPHORE   PRODUCTION 

The  process  of  conidium  production  which  has  been  described  follows 
a  regular  cycle  under  normal  conditions  of  dew  deposition.  The  leaves 
are  wet  with  dew  at  8  or  9  p.  m.  Groups  of  knoblike  initials  are  formed 
over  the  stomata  at  about  1 1  p.  m.  and  most  of  the  first  "  crop  "  of  conidia 
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has  matured  and  is  being  discharged  at  2  a.  m.  It  should  be  emphasized, 
however,  that  this  process  is  a  continuing  one ;  for  during  this  time  other 
conidiophores  have  been  developing  from  the  initials,  so  that  from  thence- 
forward a  constant  succession  of  conidia  is  developed  and  discharged. 
Although  the  maximum  discharge  of  conidia  usually  takes  place  from 
2  to  3  a.  m.  and  lessens  somewhat  after  that  time,  it  does  not  entirely 
cease  until  the  necessary  moisture  is  dried  by  the  early  sun.  This  schedule 
applies  consistently  under  the  condition  of  uninterrupted  dew  which 
usually  obtains  during  clear  nights  in  the  Philippines  whether  in  dry, 
wet,  or  transitional  seasons. 

During  rains,  however,  this  schedule  may  be  altered.  When  gentle 
rain  begins  in  the  afternoon  and  continues  so  that  the  plants  have  already 
been  wet  two  or  three  hours  by  the  time  dew  deposition  begins,  the 
formation  of  conidia  takes  place  much  earlier,  beginning  even  as  soon  as 
9  o'clock,  reaching  its  maximum  around  midnight,  and  continuing  under 
favorable  conditions  till  dawn. 

Observations  made  on  May  24,  19 19,  furnish  a  good  example  of  such  a 
schedule.  After  a  hot,  humid  day  with  a  maximum  temperature  of  93 °F., 
rain  began  at  4  p.  m.  and  fell  steadily  for  more  than  an  hour.  The  sky 
remained  clouded  and  the  air,  which  was  full  of  moisture,  cooled  rapidly, 
reaching  75  °  shortly  after  sunset  and  causing  an  early  and  heavy  deposi- 
tion of  dew.  At  8  p.  m.,  when  their  surface  had  been  moist  uninterrupt- 
edly for  4  hours,  infected  maize  plants  were  inspected.  Microscopic 
examination  showed  that  conidiophore  production  was  indeed  beginning, 
the  conidiophores  being  in  the  earliest  stages  of  development  as  club- 
shaped  initials.  At  9,  development  of  the  conidiophores  had  progressed 
further  and  the  whitish  down  was  visible  under  a  lens.  At  10,  heavy 
conidiophore  production  was  apparent,  and  quantities  of  conidia  were 
matured.  This  production  reached  its  maximum  from  about  11  until 
midnight  but  still  continued,  although  less  abundantly,  at  5  the  next 
morning,  when  the  sun  was  just  appearing.  On  plants  protected  from 
the  early  sun  conidia  were  formed  for  about  an  hour  more  before  drying. 
Production  of  mature  conidia  in  this  case  continued  for  more  than  8 
hours  instead  of  the  4  or  5  of  the  usual  schedule. 

When,  after  a  night  of  abundant  dew,  the  sky  clouds  over  and  a 
gentle  rain  begins  at  dawn,  .so  that  the  necessary  moist  condition  of  the 
leaves  is  maintained  into  the  morning  by  a  constant  drizzle,  the  process 
of  conidium  production  may  continue  for  a  few  hours  longer.  Similarly 
when  maize  is  located  in  deep  valleys  or  protected  from  the  first  rays  of 
the  sun  by  the  shade  of  trees  or  hills,  the  dew  on  the  infected  leaves  and 
the  consequent  production  of  conidia  persists  after  the  process  has 
ceased  on  the  already  dried  leaves  of  less  sheltered  plants. 

During  the  dry  season,  also,  the  usual  schedule  may  be  altered. 
Occasionally  conditions  of  temperature  and  moisture  are  such  that  dew 
deposition  is  very  light  and  fleeting,  and  conidiophore  production, 
beginning  tardily,  is  scanty,  restricted  to  moister  parts  of  the  plant 
surface  and  soon  ceases.  For  example,  on  April  23,  19 19,  one  of  several 
successive  dry,  partly  cloudy  days,  although  the  temperature,  which 
had  been  920  F.  about  noon,  dropped  gradually  to  750  during  the  night, 
dew  deposition  was  very  late  and  scanty,  as  the  sky  was  clouded  and  a 
warm,  dry  breeze  blew  fitfully.  Frequent  examination  of  infected 
maize  plants  showed  that  a  very  light  dew  began  to  gather  at  10  p.  m. 
At  3  a.  m.,  in  a  thin  film  of  dew  on  the  leaves,  a  scanty  production  of 
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conidiophores  was  apparent.  Microscopic  examination  showed  that  the 
first  "crop"  of  conidia  was  maturing  but  that  the  conidiophores  were 
dwarfed  and  scantily  branched.  A  little  after  4  a.  m.  conidiophore 
production  was  terminated  when  the  dew  dried  as  the  breeze  increased. 
In  this  case  formation  and  liberation  of  conidia  lasted  for  about  an 
hour  only. 

The  entire  process  of  conidium  production  from  the  emergence  of  the 
internal  hyphae  through  the  stomata  to  the  final  ejection  of  the  mature 
conidia  takes  place  with  remarkable  regularity.  Whether  on  infected 
maize,  teosinte,  sorghum,  sugar  cane,  Saccharum  spontaneum,  or  Mis- 
canthus  japonicus,  whether  on  young  seedlings  or  senescent  plants, 
whether  on  leaves,  tassels,  bracts,  or  other  infected  parts,  the  cycle  of 
conidium  production  under  favorable  climatic  conditions  follows  a 
relatively  constant  schedule,  which  may  be  outlined  as  follows : 

7  to    8  p.  m.  Clear,  still  evening;  dew  deposition  begins. 

10  to  n  p.  m.  Plant  surface  wet  with  dew;    groups  of  knoblike  conidiophore 

initials  are  forming  over  the  stomatal  pores  on  the  leaf  surface. 

11  to  12  p.  m.  From  the  knoblike  bases  the  clavate  main  axes  are  developing 

and  beginning  to  form  primary  branches  of  the  conidiophores. 
12  p.  m.  to  1  a.  m.  The  branch  system  of  the  conidiophore  is  now  completely  devel- 
oped, and  conidia  are  beginning  to  bud  out,  while  the  basal 
cell  is  being  cut  off  by  a  cross  wall. 

1  to    2  a.  m.  Discharge  of  the  conidia  and  their  dispersal  by  air  currents  begins 

to  take  place. 

2  to    3  a.  m.  Discharge  and  dispersal  of  conidia  is  at  its  maximum. 

3  to    4  a.  m.  Discharge  of  conidia  lessens.     Some  of  the   first  conidia  dis- 

charged and  scattered  have  reached  the  water  held  in  the 
unrolling  leaves  or  in  the  leaf  axils  of  young  susceptible  plants, 
and  there  have  germinated  and  started  infection. 

4  to    5  a.  m.  Few  conidia  are  discharged  or  further  conidiophores  developed 

but  germination  and  infection  by  conidia  already  spread 
continues. 

5  to    6  a.  m.  Sun  rises  and  soon  dries  the  plant  surfaces,  killing  the  few  coni- 

diophores and  conidia  still  developing  from  infected  plants, 
and  also  the  conidia  which  have  not  yet  achieved  the  infection 
of  the  new  hosts  they  have  reached.  Those  conidial  germ  tubes, 
however,  which  have  already  penetrated  in  to  the  host  tissue 
are  not  killed  when  the  plant  surf  ace.  is  dried  but  continue  to 
invade  the  host  within  whose  tissues  they  are  protected. 

The  procedure  which  has  just  been  outlined  is  beautifully  adapted 
to  the  limitations  of  the  delicate  conidia  which  when  dried  are  killed 
immediately.  Borne  on  conidiophores  which  are  submerged  in  dew, 
carried  in  countless  numbers  through  the  cool  darkness  on  currents  of 
damp  air,  dropped  into  the  moisture  contained  by  such  susceptible  parts 
as  unrolling  leaves,  and  there  sending  germ  tubes  into  the  succulent 
interior  tissue  of  the  host,  the  conidia,  despite  their  delicacy,  are  able  to 
accomplish  infection  in  a  remarkably  efficient  manner. 

This  procedure  is  also  exceedingly  successful  in  accomplishing  the 
rapid  spread  of  infection  and  distribution  of  the  disease.  Plants  thus 
diseased  will  in  turn  begin  producing  conidiophores  after  about  10  days 
or,  if  they  are  young,  even  in  3  to  5.  As  a  result,  a  small  center  of 
inoculation  can  under  favorable  conditions  cause  the  infection  of  large 
areas  in  a  relatively  short  time. 

DURATION  OF  CONIDIOPHORE  PRODUCTION 

The  development  of  conidiophores  and  conidia  from  the  downy 
mildew  mycelium  ensconced  within  the  diseased  maize  plant  is  not  limited 
to  one  night,  nor  does  it  cease  after  it  has  occurred  several  nights,  but 
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rather  may  continue  to  take  place  every  favorable  night  for  a  month,  six 
weeks,  or  even  so  great  a  proportion  of  the  plant's  existence  as  two  or 
more  months.  Because  this  has  not  been  realized  hitherto,  the  danger 
of  even  a  single  conidium-producing  plant  to  the  surrounding  fields  has 
never  been  sufficiently  appreciated  or  emphasized. 

The  duration  of  nightly  conidium  production  was  studied  in  a  large 
number  of  infected  plants,  including  maize,  teosinte,  sorghum,  sugar 
cane,  Saccharum  spontaneum,  and  Miscanthus  japonicus.  At  first  the 
plants  were  examined  each  night,  but  later  the  following  more  convenient 
method  was  used.  On  the  badly  infected  leaves  of  each  plant  an  area, 
on  which  formation  of  abundant  conidiophores  occurred  nightly,  was 
outlined  on  both  the  upper  and  lower  surfaces  with  waterproof  ink. 
Each  afternoon  these  areas  were  carefully  scraped  clean  from  all  remains 
of  previous  conidiophore  production;  and  early  the  following  morning 
the  presence  or  absence  of  conidiophores  and  conidia  showed  whether 
the  fungus  had  been  active  during  the  night.  The  lengths  of  the  periods 
of  nightly  conidiophore  production  in  several  typical  cases  of  infected 
maize  are  presented  in  Table  I. 

A  series  of  such  observations  extending  through  the  wet,  dry,  and 
transitional  seasons  brought  out  the  following  points.  The  length  of 
time  during  which  nightly  production  of  conidia  may  take  place  on  maize 
depends  primarily  on  the  time  normally  required  by  the  host  to  attain 
maturity,  on  the  vigor  of  the  individual  attacked,  and  on  its  age  when 
infected.  In  the  case  of  maize  varieties  which  mature  most  rapidly,  such 
as  the  "dwarf  early"  sweet  and  pop  corns  (60  to  70  days),  or  the  Chinese 
or  Mindanao  waxy  endosperm  maize  (70  days),  the  time  over  which 
nightly  conidium  formation  may  extend  is  relatively  short,  usually  not 
over  a  month.  In  maize  varieties,  which  mature  more  slowly,  such  as 
the  several  native  flint  types  which  are  grown  throughout  the  Philippines 
and  other  tropical  places,  the  time  is  somewhat  longer;  while  those  large 
hardy,  dent  varieties  and  flint-dent  crosses  which  require  the  longest 
time  (3  to  4  months)  to  mature  support  the  formation  of  conidia  by  the 
parasite  for  the  longest  period,  for  even  more  than  2  months.  Apparently 
while  the  host  is  actively  growing  and  developing,  its  internal  condition 
is  such  as  to  favor  both  the  growth  of  the  parasite  and  the  abundant  pro- 
duction of  the  conidia;  but  when  the  host  plant  has  matured,  and  its 
vitality  begins  to  decline,  its  tissues  apparently  undergo  chemical  and 
physical  changes  which  render  them  unfavorable  for  the  further  develop- 
ment and  activity  of  the  mildew. 

The  vigor  of  the  individual  plant  infected  also  affects  the  duration  of 
conidium  production.  Weakling  plants,  which  result  from  planting  im- 
ported seed  of  foreign  varieties  unsuited  and  unacclimatized  to  Philippine 
conditions,  succumb  to  the  downy  mildew  in  a  comparatively  short  time ; 
and  conidium  production  by  the  parasite,  although  exceedlingly  abundant 
for  a  while,  is  soon  brought  to  an  end  by  the  untimely  death  of  the  host. 
On  the  other  hand,  if  strong,  vigorous  hardy  plants  are  attacked  they 
do  not  succumb  but  continue  to  support  the  persistent  parasite  even  for 
as  long  as  the  lifetime  of  a  healthy  plant  (PI.  5,  B).  In  some  plants,  after 
many  weeks  of  abundant  nocturnal  spore  production,  conidia  were  still 
found  developing  on  the  middle  and  still  green  part  of  the  last  or  next  to 
last  leaf,  although  all  the  other  leaves  and  even  the  tips  of  these  sporulat- 
ing  leaves  themselves  were  drying  and  brown. 


254 


Journal  of  Agricultural  Research         vol.  xxm,  no.  4 


42 

s 
.9 
•ft. 

■<— * 

g 

3 

t> 

e 


o 
s 

s 


.8 


1 

e 
■ft, 

s 

o 
u 

42 
8 


"3  § 

So 

"a  -* 

"?  * 

*4>  *** 


•2 

•ft, 

o> 
s 
•2 

-I 

2 

•ft, 

i 

o 
-ft. 

8 


8 
.© 
"■8 

2 
s 

Q 


w 
•a 

m 
< 


9 

s 

>> 

< 
fs 

o 
n 

o 


■m  a 

*j  o 

c<J  3 

-fcj  *d 

a  o 

be 

*  b 

a 

a  rr 

m 

■^  m 

O  o 

3 

t« 

a  .a 

a  . 

o  a 

is 

•CO 

■d  13  ^  ^  ^ 

fl'3 

*  3PPP 
at! 

~6"S 

tafc"o 

rj  4>  a>-r* 

o||S 

mber 
idiop 
ction 
uring 

£8-0 

CO    *0  **)  O    *- 
M    M    M    H 

Proportion 
of  conidi- 

ophore 

production 

period  to 

.life  of 

plant. 

N  00    Q    *^  w 

S  h  46m  H 

u   "O  to  ^«    ft 

w 

ft, 

.       M     ^". 

o  o  o  o  o 

e  re 
dfo 
ring 

r~  r^  ,»  r~  t^ 

8^2 
£'3  * 

Duration 
of  conidi- 

ophore 
producing 

period. 

•O   TfoO   O   »o 

(OC1     «    M    M 

a 

V 

00 

m   C3 

ast 

opho 
actio 
rved 

o  o  o 

M    M    H 

0\ 

M 

^fl'aSI 

.   •   .*o   • 

IW 

>  >  >  •> 

OOO'O 

£££  :fc 

a 

00  00 

00  00 

St 

phor 
ction 
ved. 

M     M 

Ov   Ov 

o\  o\ 

M     M 

3  O  3  m 

ft^-d  S* 

Q    ft    M 

"gS-g 

8a 

tits  :t;t: 
oo  :oo 

00  00      ■  00  00 

MM         .MM 

fl-a 

MM        .MM 

First 
sympto 
observe 

O  OO     .  *©  t~ 

">      c 

wO 

4-»    M 

OO 

00 

•d 

a>  at 

■y  tt 

o 

0)    V? 

wa 

V 

"ootid 

a 

d 

■c 

X 

X 

w 

CO 

c* 

.."tf 

M 

«J  <u 

y* 

=3  n 
Rj3 

o  o  o  o 

.^•d-a-dd 

a 

a 
a) 

d 

£ 

a 

a 

5 

««!■•• 

M 

H 

H 

*- 

r  c 

n 

B 


< 
w 


H 


°5 


V 

c 

X3 

4-> 

o 

|Z5 

lO 

ui 

r^ 

r*» 

fiOO 

tn 

>~ 

f>  o 


M     f-t 

Ov  Ov 


d-S 


ifc 


a  O. 
Ov  Ov 


g-s 


o 

."d 


o 
•d 


~m"^ 


z 


5 
is 


'fs 


^3 
ft 


p 


*d  a> 

«    -d 

d  « 

+-)  en 

tn 

cJ  -        "d  ^ 

3  a         -w  K 

a       ^     Ijs 

'fdddtfddd  j 

.sqpq  j^pp  «>.a 

P  pq         PQR 

t3  :::::::  : 

u 

•d 

M 

o 

o 

fJOOOOOOOO 

'd'd'd'dd'd'd  *d 

-*-» 

o 

Z  :::::::  : 

8  0QOOOOOO 
oooooooo 

oooMt^o^c3r~» 


o  o  "  o  o  o 
•a  'dr^'d'd'd 


MMMMMMMMM 


gfeSftftftftSS 


oooooooo 

.  *d  *d  d  'd  *d  *d  *d  *d 

^   •  :  : 


'oooooooo 

Td'd"d*d*dTd*dd 


Ov 

0\ 

Ov   Ov 

0>  Ov 

Ov 

Ov 

Ov 

w 

H 

M     M 

'-     H 

M 

M 

Ov 

O- 

o\  o> 

Ov   Ov 

e> 

Ol 

Ov 

H 

M 

M     W 

M     H 

M 

>H 

M 

CI 

--»■ 

ro  *>■ 

cOOO 

-t 

r* 

w 

« 

«  « 

CI 

t-. 

^ 

Jr^l^^^ 

C3 

gfe^fefefefe 

^irt 

W    m    r-    ro  «    «    rOJ*f  <*i 


Jan. 27, 1923    Production  of  Conidia  in  Philippine  Sclerosporas       255 


a 
"> 

u 

■9 

sod 

PI 


uoo 


000 

M     M     M 


'  o  o 


a 
< 


a  &  ^ 

M     M      W 
OS    ON    C7> 


J3  v-  in 


.0 


o  o 


o  o 

.•a-o 


ft 


cd 

aj 

fe's 

S 

C\ 

<7» 

o\ 

0* 

C* 

O 

M 

■* 

M 

»o 

M 

« 

^ 

a! 

% 

££ 

H 
Q 

O 

- 

w 

> 

n 

H 

H 
« 

a 


22330—23- 


-I 

5 

in 

-1 

a 

88 

_- 

O 

U 

f*l 

r/1 

'/I 

rj 

C8 

4-» 

*J  *j  tl 

«  9  ft 


a. 

o 

■i. 

a> 

r^*o    >o 

T 

a 

V 

Ih 

C 

c 

a 

O  O 

-OT3 

+■ 

c 

fe 

r* 

l-O   0 

t* 

1    M     O 

oc 

<3"  1^) 

^ 

•  ■*  ■* 

n 

0    O 

« 

w 

« 

k"  o  o 

C. 


a\  o>  o\ 

^  Ov  C^i 


cd 

-1 

cd 

SSS 

0 

Oi 

0. 

HI 

M 

o\ 

o> 

o> 

M 

H 

M 

a 

>o 

u 

u.' 

U 

cd 

cd 

cd 

sss 


CJ 


O  O 


O  O 
.•OT3 


256 

y 

)2 

'7) 

10 

1/ 

0/i« 

l! 

m 

CI 

M 

VIA 

rat 

K 

ej 

'cjar*: 

■A' 

Vol.  XXIII. 

No.  4 

m    o   w 

^      *"      01 

rt   3  -22 

Pi   u  t_, 
co. 

.2  p=:  <u 

ir1    rt  -^ 

y  ^  a 

3  w  a 

a 

!>i 

in 

g 

d 

*~ 

c3 

d 

a2  <u 

CJ 

y 

C5 

J2 

y 

S  °  & 

fn 

Ph 

S 

Ph 

1  &* 

*0    rt    V 

o 

c 

o 

o 

o 

o 

0 

c 

o 

o 

o 

o 

o 

0 

o 

d 

3 

O 

c 

6 

6 

6 

odd 

■g  -a  ddd 

■o-oi) 

tJxJ-d-d-Cd 
_d 

.s'a'c 

■g  "d  -a  d-d 

l^-o 

'B^S 

•d 

•tJ 

■d 

•d 

•d 

on  of  co 

e  a  few 

before 

y 

y 

y 

y 

y 

> 

> 

> 

> 

lH 

> 
u 

> 
u 

3 

M 

M 

H 

« 

t-~ 

CO 

H 

d 
o 

CI 

M 

O  CO 

l-t 

tj- 

d 

M 

H 

d 
o 

CO 

M 

•* 

H 

d 

W    ■*  CO 

6  .fe 

VC5 

VO 

>o 

LO 

6 

H 

M 

M 

CN 

M 

3    ^  O 

^    fe 

d 

a! 

i 

lH 

Ph 

c3 

d 

CO 

0)   +-> 

I—. 

<1 

s 

t— 1 

^     r-,       >~> 

73 

•o 

'AtJ 

T3 

d 

■d 

o  c^ 

>> 

»h 

3 

CO 

s 

£d 

O  c3 

d 

Cl! 

+-1   2   rt 

g5 

00 

00 

M    io 

oo 

.2  bo_ 

a 

01 

y 

o 

o 

o 

o 

o 

O 

o 

0) 

S"6 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

P 

CN 

y   O   O 

G 

O  ' 

"o 

T3  "C  "d  "C  "O  *d 

d  d 

d 

d 

c 

•o  — 

>^  cs  *d  "d 

•  •  csd-cco 

y  *d  "d 

4->     1-   ^ 

rt   2   ° 

3 

CO 

••p 

2d 

Sd 

?d 

P 
..  d 

a 

co+J 

— .  y 
y  S 
d  +-1 

_  y 
o  g 

o  y 
m  y 

,rt    U    |S 

.    U 

52  y 

+2  y 

>-.  y 

.  y 

(i)  J3 

jo 

c3  "^ 

^^3 

2  — 

£-° 

h  jn 

importana 

he  time  t 

had  some 

'o 

^  d 

d  '-rt 
y 

V-<    co 

DO 

O  CO 

M 

o 

o 

0 

5 -a 

5  h- 

O  co  o 

M 

o 

E  d 
-  y 

s'-a 

■  o 

o 

o 

^-d 

-a  .i! 

y-a 

d  oo  oo 

i-  o 

o 

.  d 

V,    CJ 
te^j  "d 

1" 

c  o 

CO 

M 

\r. 

6 

lO 

6 

Lr 

B    co 

H     W 

o 

H 

ID 

^3      H 

«   .  y    - 

OCifeoO 

i^ 

l/- 

E  o* 

^?00~ 

•* 

l^ 

d  M  h 
y    -   .   . 

d    cs    ro 

D 

CO 

FH 

H 

w 

<M 

H     « 

p« 

CO 

M 

r^ 

P. 

d"3 
d 

M 

« 

<N 

M 

« 

-       > 

°  a  g 

CD 

~dddddddd 

■  *d  *d  'd  *d  *d  'd 

d-d 

"Tj-dxi'd'd 

ci  d  iid 
E  d  p  d 

M  d 

d 

d 

d 

d 

d 

d 

d 

Sj    C 

d 

d 

g 

d 

F3 

d 

d 

«  S 

d 

d 

d 

d 

co 

y  r- 

a 

s 

s 

S 

cfl 

a 

r; 

cS 

3 

e8 

3 

3 

<£<* 

cd 

3 

^2  d 
od 

-.: 

cS 

^ 

c3 

_   CO    c3    C3 

o  o  ^ 

c 

M 

to 

M 

M3 

M 

o 

M 

« 

t-« 

M 

vO 

M 

c>„ 

-6  A 

^~  y 

-Q  " 

y  c 

fe    y 

H 

\o 

M 

lO 

H 

ir 

O     Q\  lo  H 

n  is  als 
img  (fr 
:  which 

a 

o 
o 

CO 

Pi  w  oj  <n 

3    4»    <U    0) 

-OQQ 

00 

M  d 

d 

i — 

d 

H 

d 

71 

N      Ph    "      W      N 

•   ^   o   y   y 

S^-u  y  y 

Ox 

►-1  d 

d 

d 
- 

H 

d 

H 

S 

3 

CI     O 

y  y  J2 

ccj 

- — 1 

«5 

M     M     Cl 

d   y   y'     • 

y  y  J5  d 

pppA 

&d 
d  S 

O    O    v 

C 

O  4) 

-  y 

m    y 

infecti 
very  y< 
an  thos 

.2 
> 

M     y 

o  y 

O02 

d  « 

_  y 

.  y 

d-° 

.  y 
OS'S 

V-c 

o  2 

1-1 

Ug 

co  CO 

V) 

-d  o 

y    Oh 

d"l 

y  o 

P  s 

a;    y 

y  5r 

a  £  •" 

O 

t3  uj 

^  2 

0 

o 

o 

O 

o 

o 

c 

d  o 
4S  y 

o 

o 

O 

o 

O 

O 

o 

o 

O 

o 

p 

Q  e 

•3  a;  _o  o 

"d  "O  "C  "O  "O  t3  t3 

^^ 

d  *d  "d  t3 

c 

^'u 

"C 

"d 

'E'u 

d  t3  *d  *d 

y-^dd 

r=«  "O  ■" 

ftCG 
-  bo 

.S'C 

nrOT 

o^ 

.to 

da:! 

if  the  p 

infecte 

d  the  m 

'3.S 

d  g3 

cu    *-* 

p'g 

+-1    rd 

CO    bO 

ll 

&  B   ^ 

OJ 

X42 

■Si 

y  S 

£2 

S^ 

►5s  d 

d  d 

-*  d 

o  d 

SPSS 

in 

3    TO 

dj 

2  e- 

a* 
d  p. 

The 
which  be 
more  rap 

HI 

> 

CJ 

0 

w 

o 

CO  t-« 

c 

M 

d  h- 
d  * 

S    co 

H 

XT 

o 

0 

*S 

H 

H 

O  00 

H 

o  ■* 

M 

2  O    co  CO 

OJ    rr, 

.S.4H 

vr 

PI 

o- 

H 

M 

M 

^  w 

DO 

M 

aj    w    d 

« 

«*-! 

<^- 

C4H 

»+-t 

< — 1 

MH 

' — ' 

b^'-t-< 

U-l 

U-t 

<4-i 

1 — i 

u_ 

5  ^-, 

— 

U-r 

s- 

uh 

U-* 

LH 

tH 

y  cm  ^-*  «*h 

o 
to 

-COOOOOCOO 

a 

HOCCOOO 

M 

d 

«ooo 

M 

d 

500000 

d 

^OOO 
d 

Jan. 27, 1923    Production  of  Conidia  in  Philippine  Sclerosporas       257 

Moreover,  such  early-infected  plants  are  usually  much  more  liable  to 
the  destructive  attacks  of  such  secondary  parasites  as  Pythium,  Fusarium, 
Helminthosporium,  and  bacteria. 

Occasionally  the  period  of  conidium  production  is  prolonged  by  the 
abnormal  growth  of  the  diseased  plant.  In  response  to  some  stimulus 
exerted  by  the  parasite,  various  parts  of  the  host,  especially  the  shank, 
husks,  ear,  and  tassel,  may  develop  abnormally,  the  activity  of  the 
mycelium  keeping  pace  with  this  unduly  extended  growth  of  the  plant 
body.  In  one  striking  case  of  this  sort,  a  plant  of  Guam  maize  (PI.  5,  B) 
which  showed  symptoms  of  infection  after  vigorous  growth  had  well 
begun,  supported  nightly  conidium  production  by  the  downy  mildew 
from  the  time  it  was  17  days  old  during  its  subsequent  development. 
After  about  5  weeks,  when  a  normal  tassel  had  been  produced,  the  very 
young  ear  began  to  develop;  and,  abnormally  stimulated  by  the  downy 
mildew  mycelium  which  had  invaded  the  bud  as  it  formed,  the  shank 
grew  excessively  in  length,  forming  a  branch  which  was  clothed  with 
extensive  leafy  husks,  almost  equaled  the  main  axis  in  length,  and  bore 
at  its  tip  a  small  sterile  ear.  The  remarkable  growth  of  this  abnormal 
ear  branch  occupied  about  30  days.  The  branch  was  still  green  and 
vigorous  long  after  the  healthy  plants  nearby  were  dry,  and  about  14 
days  after  the  upper  part  of  the  main  axis  had  begun  to  wither.  During 
all  this  time  nightly  conidium  formation  by  the  parasite  was  taking 
place  from  all  parts  of  the  excessively  developed  leafy  husks  of  the 
abnormal  branch,  thus  prolonging  the  period  of  conidium  production 
by  the  infected  plant  over  a  total  of  more  than  nine  weeks.  Finally, 
about  two  weeks  after  conidium  formation  was  observed  for  the  last 
time,  the  vitality  of  the  branch  declined  and  it  gradually  withered. 

The  behavior  of  the  downy  mildew  on  its  other  hosts  presents  an 
interesting  comparison  to  that  which  is  characteristic  for  maize.  In  the 
few  sorghum  plants  that  became  infected,  the  period  of  conidium  pro- 
duction was  necessarily  brief,  as  death  occurred  a  few  weeks  after  infec- 
tion. This  was  true  also  in  the  only  cases  of  conidially  infected  sugar 
cane  which  were  encountered  (25).  Moreover,  on  both  these  hosts  the 
nocturnal  conidium  production  during  this  brief  period  was  far  less 
extensive  and  abundant  than  in  maize.  In  teosinte,  on  the  contrary, 
the  duration  of  conidiophore  production  is  prolonged  beyond  that  of 
maize,  because  of  the  constant  renewal  of  young  tissue  suitable  for  spore 
production.  As  new  shoots  are  sent  out  from  the  base  of  the  infected 
plant  (PI.  6,  A,  C),  or  as  new  branches  arise,  the  fungus  mycelium  of 
the  main  axis  grows  out  into  the  freshly  formed  tissue,  keeping  pace  in 
its  development  with  the  renewed  growth  of  the  plant,  on  which  it 
produces  additional  conidiophores.  In  this  way  conidium  production, 
although  not  so  abundant  on  any  one  night  as  in  maize  of  equal  age,  is 
prolonged  and  continues  constantly  and  persistently  for  several  months. 
This  was  also  true  in  teosinte-maize  hybrids,  which  showred  extensive 
growth  of  numerous  suckers  and  branches.  In  Miscanthus  japonicus  the 
period  of  conidium  production  was  similarly  prolonged.  It  is  in  Sac- 
diarum  spontaneum,  however,  that  this  prolongation  is  greatest.  Infected 
plants  kept  under  observation  were  still  producing  conidia  on  many  newly 
formed  snoots  even  after  an  uninterrupted  period  of  over  eight  months 
(25).  Moreover,  conidium  production  was  renewed  on  new  shoots 
arising   from    the   well-established    rootstocks   of   infected    plants   even 
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after  the  plants  either  when  young  or  when  quite  passe  were  cut  back  to 
the  ground  surface.  Thus  conidium  formation  by  the  parasite  on 
Saccltarum  spontaneum  can  be  as  persistently  perennial  as  the  grass  itself. 

QUANTITY    OF    CONIDIUM   PRODUCTION 

The  number  of  conidia  produced  from  a  single  maize  plant  infected 
with  downy  mildew  even  during  one  night  is  exceedingly  great,  while 
the  total  conidium  production  from  such  a  plant  throughout  the  entire 
season  is  appallingly  vast.  It  is  necessary  to  consider  this  matter  further 
in  order  to  appreciate  the  infectious  menace  to  a  maize-growing  district 
which  is  embodied  in  even  a  single  diseased  plant.  The  amount  of  coni- 
dium production  from  any  one  plant  during  any  one  night  depends  on 
three  factors:  First,  the  extent  on  the  host  of  the  discolored  area  which 
is  most  heavily  invaded  with  mycelium  and  especially  active  in  conidio- 
phore  production;  second,  the  number  of  stomata  in  both  surfaces  of 
this  area;  and  third,  the  proper  environmental  conditions  to  induce 
conidium  formation. 

The  number  of  conidia  borne  by  a  plant  is  directly  proportional  to  the 
extent  of  the  yellowed,  whitened,  or  otherwise  symptomatically  dis- 
colored part  of  its  surface.  Although  the  hyphae  of  the  parasite  are  to 
some  extent  found  in  and  may  give  rise  to  conidiophores  on  the  appar- 
ently unaffected  parts  of  the  host,  it  is  from  the  discolored  areas  which 
have  become  etiolated  through  the  destructive  invasion  of  abundant 
mycelium  of  the  fungus  that  the  great  mass  of  conidiophores  emerges. 
The  development  and  progressive  increase  in  extent  of  this  abundantly 
conidiophore-bearing  surface  has  been  studied  both  in  inoculated  plants 
grown  under  controlled  conditions  and  in  naturally  infected  plants  in  the 
field.  The  procedure  is  as  .follows:  After  the  young  plant  is  infected, 
there  ensues  a  latent  period  of  from  a  few  days  to  more  than  two  weeks, 
its  length  being  directly  proportional  to  the  age  of  the  plant  when  in- 
oculated. The  mycelium  spreads  throughout  the  plant  tissues  and  con- 
centrates especially  in  those  areas  of  the  leaves  and  leaf  sheaths  which 
begin  to  show  symptomatic  etiolation.  The  production  of  conidiophores 
on  the  whitened  areas  then  commences.  At  first  the  conidiophores  appear 
scatteringly  (PI.  1,  A;  4,  A,  B),  but  production  gradually  increases  during 
subsequent  nights  until  the  affected  areas  are  covered  with  a  dense  down 
of  conidiophores  (PI.  4,  C,  D).  In  proportion  as  new  leaves  unroll  from 
the  bud,  and  as  the  leaves,  which  were  already  partly  developed  when 
conidium  production  began,  continue  to  elongate  by  intercalary  growth, 
the  conidiophore-bearing  surface  is  constantly  augmented  (PI.  1,  C). 
Finally,  when  all  the  leaves  are  fully  developed,  the  production  of  conidio- 
phores reaches  its  maximum.  Even  then,  in  badly  infected  cases,  this 
production  may  be  still  further  increased  by  the  formation  of  conidia 
from  the  tassel,  from  the  husks,  which  are  often  abnormally  developed 
(PI.  5,  B),  and  from  the  peculiar  bractlike  structures  which  frequently 
form  in  abnormal  tassels  (PI.  5,  A)  or  around  abortive  ears.  Thus  the 
conidiophore-bearing  surface,  which  may  be  established  when  the  infected 
plant  is  only  about  a  week  old,  and  which  at  first  may  be  only  a  few 
square  centimeters  in  extent  (PI.  2,  A;  3,  A),  gradually  increases  in  area 
(PI.  2,  B;  3,  B)  until  it  attains  its  maximum  of  some  two  or  three  thou- 
sand square  centimeters;  and  then,  decreasing  in  extent  as  successive 
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leaves  of  the  maturing  host  wither,  it  finally  ceases  to  support  conidium 
production  after  months  of  activity.  The  extent  of  the  discolored  coni- 
dium-bearing  areas  on  plants  of  various  ages  has  been  determined  for 
the  different  maize  types  most  common  in  the  Philippines.  The  least 
area  is  found  in  the  case  of  such  small,  rapidly  maturing  varieties  as 
Manobo  and  Davao  Waxy  Maize  and  the  dwarf  native  flints.  The  maxi- 
mum area  occurs  in  such  large,  slowly  maturing  types  as  introduced 
American  dent  varieties  or  those  strains,  such  as  "Moro"  White,  devel- 
oped from  dent-flint  crosses.  Between  these  two  extremes  lie  the  interme- 
diate areas  which  are  typical  of  the  medium-sized,  moderately  rapidly 
maturing  yellow  and  white  flint  types  that  are  so  commonly  grown 
throughout  the  islands. 

In  order  to  gain  an  idea  of  the  extent  of  the  conidium-producing  areas 
of  diseased  plants  under  the  usual  field  conditions,  measurements  were 
made  of  characteristically  infected  specimens  both  of  the  common 
native-grown  maize  and  of  the  introduced  types  under  cultivation  at  the 
college.  Some  of  these  measurements  are  shown  in  Table  II.  In 
obtaining  these  data  the  following  method  was  used:  Leaves  bearing 
conidiophore-producing  areas  were  carefully  removed  from  infected 
plants  and  pinned  down  to  large  sheets  of  paper  upon  which  the  outline 
of  the  whitened  areas  was  carefully  traced  through  the  tissue  of  the  leaf 
with  a  sharp  stylus.  The  space  inclosed  within  these  tracings  was  then 
computed  by  means  of  a  polar  planimeter.  Only  portions  which  were 
found  by  actual  observations  to  be  producing  conidiophores  were 
included.  In  the  specimens  tabulated,  therefore,  the  measurements 
give  a  fair  idea  of  the  amount  of  surface  on  which  conidiophores  were 
borne.  The  extent  and  general  configuration  of  this  surface  on  the 
successive  leaves  of  two  of  the  plants  included  in  Table  II  are  shown  in 
Figure  1. 

To  the  second  factor,  the  number  of  stomata  in  the  conidium-bearing 
surface,  the  quantity  of  conidia  produced  is  also  directly  proportional. 
In  no  case  were  conidiophores  developed  except  from  the  stomata,  and 
in  the  manner  already  described.  The  stomatal  frequencies  recorded  by 
Eckerson  (<?),  Duggar  (7),  Kiesselbach  (13),  and  others  show  a  wide 
range  of  variation  not  only  between  different  individuals  or  varieties 
under  similar  or  diverse  environmental  conditions  but  also  between 
different  parts  of  the  same  plant.  In  the  present  instance,  therefore, 
no  extensive  counts  were  made,  but  enough  material  was  examined  to 
determine  that  in  the  principal  types  of  infected  maize  studied  in  the 
Philippines  the  stomatal  frequencies  fall  easily  within  this  range.  In 
such  varieties  as  Manobo  Waxy,  the  number  agreed  closely  with  Kiessel- 
bach's  counts  for  Chinese  Waxy;  while  in  the  large  flint-dent  crosses, 
such  as  Moro  White,  the  number  closely  approximated  his  counts  for 
various  dent  types.  In  general,  it  was  found  that  his  averages  of  77  and 
93  per  square  mm.  of  upper  and  lower  surface  were  sufficiently  con- 
servative to  serve  as  fair  mean  values  for  calculation  in  the  Philippine 
maize  varieties  studied. 
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The  third  factor,  environmental  conditions  favorable  for  conidium 
formation,  bears  on  the  quantity  of  conidia  produced  as  follows :  Under 
the  usual  field  conditions,  when  the  infected  plants  have  begun  to  show 
the  characteristically  discolored  areas,  and  these  have  begun  to  bear 
conidia,  the  number  borne  is  at  first  comparatively  small,  as  the  coni- 
diophores  are  few  and  scattered.  As  time  goes  on,  however,  and  conidio- 
phore  production  is  induced  night  after  night  successively,  production 
rapidly  increases  until  on  the  area  already  established  it  attains  its  maxi- 
mum density.  This  maximum  density  under  such  favorable  environ- 
mental circumstances  may  occur  even  before  this  area  has  reached  its 
maximum  size.  On  the  contrary,  if  such  a  plant  has  been  exposed  to 
conditions  preventing  conidiophore  production,  the  area,  even  though 
long  established,  will  not  produce  large  numbers  of  conidiophores  until 
favorable  conditions  have  prevailed  for  so  long  a  time  that  conidium 
production  has  been  enabled  to  build  itself  up  to  the  maximum. 

It  is  apparent,  therefore,  that  a  plant  to  produce  a  maximum  quantity 
of  conidiophores  must  have :  First,  a  large  conidiophore-bearing  surface ; 
second,  a  large  number  of  stomata  per  unit  of  this  surface;  and  third, 
continued  favorable  conditions  which  permit  conidiophore  production 
to  increase  night  after  night  to  its  maximum.  These  requirements  are 
fulfilled  in  such  typically  Philippine  varieties  as  Moro  White,  Native 
Yellow,  and  Cebu  White,  or  in  the  even  larger  introduced  dent  and  flint 
types.  After  studying  conidiophore  production  on  such  varieties  at 
night,  and  finding  plant  after  plant  with  the  greater  part  of  its  leaf 
surface  white  with  a  felt  of  densely  grouped  conidiophores  (PI.  4,  C,  D), 
and  after  seeing  the  thousands  of  spores  which  fill  even  a  minute  droplet 
scraped  from  the  surface  of  such  a  leaf,  one  is  impressed  by  the  vast 
production  of  conidia  which  goes  on.  To  get  a  more  definite  conception 
of  this  vast  production  the  writer  made  approximate  estimates  of  the 
number  of  conidia  formed  on  typical  plants.  These  estimates  were  calcu- 
lated as  follows:  The  total  surface  bearing  conidiophores  was  multiplied 
by  the  number  of  bearing  stomata  in  a  unit  of  surface,  and  this  result  by 
the  average  number  of  conidiophores  from  each  stoma,  and  this  in  turn 
by  the  average  number  of  conidia  per  conidiophore.  For  the  conidiophore- 
bearing  surfaces  the  measurements  recorded  in  Table  II  were  used.  For 
the  number  of  stomata  the  averages  of  Kiesselbach  were  employed,  but  as 
microscopic  examination  showed  that  usually  only  about  one-half  the 
stomata  actually  bore  conidiophores  the  averages,  77  above  and  93  below 
per  square  millimeter  of  surface,  were  reduced  accordingly.  The  number 
of  conidiophores  bearing  conidia  at  each  stoma  when  examined  at  different 
times  during  the  night  was  found  to  vary  from  one  to  four,  with  two  as  a 
conservative  average.  From  the  number  of  club-shaped  initials  in  various 
stages  of  growth  at  each  stoma  the  number  of  conidiophores  successively 
developed  per  stoma  during  the  nightly  cycle  was  approximately  esti- 
mated as  six  or  three  successive  "crops"  of  two  each.  The  number  of 
conidia  on  the  conidiophores,  although  very  variable,  most  commonly 
ranges  from  32  to  48;  40,  therefore,  was  selected  as  a  fair  average.  The 
results  of  the  calculations  are  shown  in  Table  III. 

These  figures  may  serve  to  give  a  clearer  idea  of  the  amount  of  conidium 
production  on  a  diseased  plant  than  can  be  obtained  merely  from  descrip- 
tion. They  are,  of  course,  only  approximate;  but  they  are  extremely 
conservative,  and  purposely  have  been  made  to  underestimate  rather  than 
overestimate  the  number.     Obviously  a  single  diseased  plant,  even  a 


262 


Journal  of  Agricultural  Research         vol.  xxm,  No.  4 


small  one  and  one  of  relatively  low  spore  production,  is  able  to  develop 
dangerously  large  quantities  of  conidia  each  night;  while  a  large  plant 
with  maximum  spore  formation  in  its  nocturnal  cycle  liberates  a  startingly 
vast  number  of  conidia.  From  extensive,  badly  infested  maize  fields  in 
which  50,  70,  or  even  more  than  80  per  cent  of  the  plants  are  heavily 
conidiophore-bearing,  an  incredibly  large  number  of  conidia  is  produced. 
Moreover,  it  should  not  be  forgotten  that  this  production  continues  night 
after  night  for  months,  thus  achieving  a  total  output  of  conidia  that  is 
almost  unbelievable.  With  the  magnitude  of  this  spore  production  in 
mind  it  is  easy  to  understand  the  rapid  spread  of  the  downy  mildew  under 
Philippine  conditions  from  even  small  isolated  centers  of  infection,  and 
to  appreciate  the  menace  to  the  whole  maize-growing  countryside  which 
one  infected  field  or  even  one  single  badly  diseased  plant  may  represent. 

Table  III. — Calculation  of  approximate  number  of  conidia  liberated  from  the  conidio- 
phore-bearing surfaces  of  representative  maize  plants  during  one  night 

NATIVE    YELLOW 


Conidiophore-bearing  surface. 

Average 

Average 

Succes- 

number 
of 

number 
of  ma- 

Average 
number 
of  couid- 

Number  of 

sive 
"crops"  of 

Total  number 

Plant 
No. 

stomata 

turing 

conidia  pro- 

couidio- 

of  conidia 

Leaf  sur- 

per 

conidio- 

duced  on 

phores 

produced  on 

face 

Sheath 

Total. 

square 

phores 

conidio- 
phore. 

plant  at  one 

produced 

plant  during 

(2Xarea). 

area. 

centi- 

per 

time. 

during 

night. 

meter. 

stoma  at 

uight 

onetime. 

. 

(average). 

Sq.  cm. 

Sq.  cm. 

Sq.  cm. 

5 

703.40 

39-77 

743-17 

4.250 

2 

40 

252,677,800 

3 

758,033,400 

6 

1,670.00       12.54 

1,682.54 

4,250 

2 

40 

572,063,600 

3 

1, 716, 190,800 

7 

2, 290- 90 

98.93 

2,389-83 

4,250 

2 

40 

812,542, 200 

3 

2,438, 126,600 

9 

2,292. 10 

161.  16 

2,453-26 

4,250 

2 

40 

834, 108, 400 

3 

2,502,325,200 

10 

5, 258-  40 

57l-o8 

5,829.48 

4,250 

2 

40 

1,982,023, 200 

3 

5,946,069,600 

MEXICAN    JUNE 


12 
14 
IS 

2,098.60 
3,022.  80 
3,868.96 

12.45 
30.  60 

470. 71 

2,111.05 
3,053.40 
4,339-67 

4.250 

4,250 
4,250 

2 
2 
2 

40 
40 
40 

717,757,000 
1,038,156,000 
1,475,487,800 


2)  153,271,000 

3, 114,468,000 

4,426,463,400 


DISPERSAL  OF  CONIDIA 

When  the  conidia  are  being  produced  their  distribution,  and  the  result- 
ing spread  of  the  downy  mildew,  is  accomplished  primarily  by  wind,  to  a 
less  extent  by  splashing  or  wind-blown  rain,  and  to  a  still  less  extent  by 
surface  water.  Obviously,  distribution  of  effective,  germinable  conidia 
can  take  place  only  at  night  or  possibly,  under  unusually  favorable  con- 
ditions, until  a  little  after  dawn,  because  the  conidia  can  not  survive 
drying.  Obviously,  also,  any  conditions  restricting  or  favoring  conidium 
production  in  like  manner  directly  affect  their  dispersal. 

DISPERSAL,  BY  WIND 


The  two  Philippine  Sclerosporas  of  maize  are  admirably  adapted  to 
distribution  by  wind  as  their  conidia  are  produced  in  vast  numbers  and 
are  sufficiently  small  so  that  they  may  be  readily  carried  in  the  air.  The 
great  number  of  conidia  produced  has  already  been  considered.  The 
size  of  the  individual  conidium,  although  far  larger  than  that  which 
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characterizes  the  breeze-borne  basidiospores  of  the  Hymenomycetes  and 
slightly  larger  than  that  of  the  wind-carried  oidia  of  the  oak  mildew,  is 
relatively  small,  being  far  less  than  that  of  the  air-distributed  spores  of 
Lycopodium,  or  of  the  pollen  of  anemophilous  conifers  and  grasses. 
From  its  dimensions  the  volume  of  an  average  Sclerospora  conidium  may 
be  calculated  roughly  as  follows :  If  the  spore  is  regarded  as  consisting  of 
a  cylindrical  main  portion  with  hemispherical  ends,  as  is  diagrammati- 
cally  shown  in  figure  2 ,  the  total  volume  in  cubic  fj,  will  equal  the  volume 
of  this  cylinder  plus  that  of  the  two  hemispheres.  In  Sclerospora  philip- 
pinensis,  the  most  commonly  encountered  length  is  33  to  35  n  (34  ju), 
the  most  frequent  diameter  i7toi9/z(i8/x);  while  the  greatest  length 
is  52  //,  and  the  greatest  diameter  24  /jl.  On  the  basis  of  these  measure- 
ments we  may  calculate  the  most  commonly  encountered  volume  as 
7,125.15  cu.  ju  (0.000,000,007,125  cc),  while  the  greatest  volume  is  sim- 
ilarly found  to  be  19,905.18  cu.  ju  (0.000,000,019,905  cc).  In  like  man- 
ner, in  5.  spontanea,  the  most  commonly  encountered  length  is  42  /j.  and 
the  diameter  is  16  n,  while  the  greatest  length  is  64  ju  and  the  greatest 
diameter  20  ^u,  giving  a  most  common  volume  of  7,372.29  cu.  /i  (0.000,000,- 
007,3  72  cc.) ,  and  a  greatest  volume  of  1 8,01 1 .84 
cu.  n  (0.000,000,018,011  cc). 

The  specific  gravity  of  the  conidia  was  not 
determined.  It  was  observed,  however,  that 
the  spores,  although  they  occasionally  float, 
usually  sink  very  gradually  in  a  water  mount. 


It  may  probably  be  assumed  without  serious     *— » -*?•-- 

error  that  their  specific  gravity  is  little  if  any      y>,-..     <z^ 


greater  than  that  of  the  heaviest  Hymenomy-    FlG    a._Diagfams    representing 

Cete  SpOreS  (CopHnUS  plicatilis,  I.43)  Studied  by         Sclerospora  spontanea  conidia  of 

Buller   (2).     Their   weight,  therefore,   is  rela-      the  most  common  and  of  the 

tivelv  Verv  Small  largest  size  schematized  to  facili- 

m/  ,  r     f   -it        rj_i        c\   t  -j-  tate  calculation  of  approximate 

The  rate  of  fall  of  the  Sclerospora  conidia      volumes 
was  not  determined.     The  fall  of  these  conidia, 

because  of  their  larger  size,  would  undoubtedly  be  faster  than  the  ve- 
locity of  0.429  cm.  a  second,  found  by  Buller  for  Coprinus;  but  it  would 
not,  in  all  probability,  exceed  markedly  the  1.76  cm.  a  second  deter- 
mined by  Zeleny  and  McKeehan  (26)  for  Lycopodium  spores  which 
have  a  specific  gravity  of  1.175  and  a  diameter  of  31.6  p..  Furthermore, 
because  Buller  found  that  the  elongate  spores  of  Polyp  or  us  squamosum 
when  falling  soon  assumed  a  position  with  the  long  axis  horizontal  and 
thus  were  retarded  by  the  increased  air  resistance,  it  is  probable  that  the 
similarly  shaped  Sclerospora  conidia,  even  though  larger,  behave  in  like 
manner.  In  any  case  it  seems  justifiable  to  assume  that  the  rate  of 
fall  of  the  conidia  is  sufficiently  slow  to  facilitate  their  being  carried  by 
breezes  of  even  slight  strength.  Judging  from  the  foregoing,  conidia, 
even  in  absolutely  still  air,  when  shed  from  the  upper  leaves  of  maize 
plants  at  a  height  of  1.76  meters  would  require  nearly  three  minutes  (176 
seconds)  to  reach  the  ground,  and  that  from  a  height  of  3.52  meters, 
which  is  not  infrequently  attained  by  conidiophore-bearing  tassels  and 
topmost  leaves  of  large  maize  varieties,  the  conidia  would  take  but  little 
less  than  six  minutes  to  complete  their  fall. 

Moreover,  Schmidt  (21)  shows  that  widespread  distribution  of  a  large 
proportion  of  liberated  spores  is  accomplished  by  winds  of  low  velocity. 
He  calculates  that  Lycopodium  spores  which  have  a  rate  of  fall  of  1.76 
cm.  a  second,  when  liberated  in  a  wind  blowing  36  kilometers  (22.5  miles) 
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an  hour  possess  an  average  limit  of  distribution  of  330  kilometers  (206.25 
miles).  Similarly  even  in  the  case  of  Pinus  sylvestris  pollen,  which  has 
as  great  a  diameter  as  48  /*,  and  as  rapid  a  fall  as  5.3  cm.  a  second,  he 
computes  that  as  many  as  four-tenths  of  the  number  originally  shed 
would  be  carried  4  kilometers  by  a  wind  of  36  kilometers  an  hour;  while 
two-tenths  would  reach  13  kilometers;  one-tenth  would  reach  20  kilo- 
meters; and  one-hundredth  would  reach  36  kilometers.  The  work  of 
Hesselman  (12)  shows  that  these  calculations  represent  the  conditions 
attained  in  nature.  He  found  that  conifer  pollen  grains  30  to  60  p.  in 
diameter  were  deposited  in  relatively  vast  numbers  in  dishes  on  light 
ships  30  kilometers  (18.6  miles)  and  55  kilometers  (34  miles)  from  land; 
while  pollen  of  grasses  also,  in  spite  of  being  liberated  in  far  less  abund- 
ance, nearer  the  earth,  and  unequipped  with  appendages  for  buoyancy, 
was  caught  in  considerable  quantities. 

It  seems  justifiable  to  conclude  from  the  foregoing  evidence  that  the 
conidia  of  Sclerospora  also  are  easily  and  effectively  distributed  by 
air  currents.  The  writer's  observations  also  bear  this  out.  Small, 
infected  maize  plants,  known  to  be  producing  abundantly,  were  covered 
at  dusk  with  large  cans  or  bell  jars  the  edges  of  which  were  pressed 
into  the  earth  and  sealed  with  clay.  The  nocturnal  fall  of  innumerable 
conidia  then  took  place  undisturbed  except  by  such  slight  convection 
currents  as  were  operative  within  the  can.  As  a  result  Petri  dishes 
placed  on  the  ground  under  the  plant,  or,  even  the  ground  itself,  showed 
a  heavy  deposit  of  spores  which  in  some  cases  was  sufficient  to  whiten 
the  earth  conspicuously.  When,  however,  the  plants  were  left  exposed 
to  the  wind,  no  such  abundant  spore  deposit  was  found  under  them 
even  after  apparently  calm  nights;  and  after  nights  with  gusty  winds 
almost  all  the  conidia  were  carried  away,  few,  if  any,  being  caught  in 
the  exposed  Petri  dishes  under  the  plant.  Further  observations  and 
experiments  concerning  the  distribution  of  conidia  by  winds  of  different 
velocities  will  be  given  in  the  following  sections. 

The  dispersal  of  the  conidia  by  wind  is  of  three  main  types;  first, 
by  very  slight  local  air  currents;  second,  by  more  general  breezes  of 
greater  strength ;   and  third,  by  violent  and  extensive  typhoons. 

BY  SLIGHT   AIR   CURRENTS 

The  slight  air  currents,  although  very  gentle  and  necessarily  restricted 
in  extent,  are  very  important,  because  of  their  invariable  occurrence, 
in  distributing  the  conidia  locally.  Even  during  nights  when  the  air 
is  apparently  absolutely  still,  careful  scrutiny  will  show  that  here  and 
there  a  corn  leaf  is  moving  slightly  in  air  currents  otherwise  imper- 
ceptible. These  nightly  driftings  of  the  air  are  necessarily  confined  to 
restricted  areas  and  are  influenced  in  direction  and  extent  by  very  local 
conditions.  At  the  College  of  Agriculture  of  the  Philippines  where,  for 
the  most  part,  the  dispersal  of  conidia  was  studied,  the  influence  of 
Mount  Makiling  was  the  most  noticeable  factor.  By  this  heavily  for- 
ested mountain,  which  rises  to  a  height  of  over  3,300  feet,  the  air  is 
cooled  at  night  and  flows  down  the  slopes  to  the  plain.  The  presence 
and  direction  of  this  air  flow  were  determined  under  varying  night 
conditions  by  repeatedly  observing  the  course  and  velocity  of  buoyant 
seeds,  such  as  those  of  Ceiba  or  Saccharum,  which  were  tin-own  into 
the  air  and  followed  by  the  beam  of  an  electric  torch.      Field  observa- 
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tions  showed  that  the  spread  of  the  downy  mildew  in  the  corn  plantings 
closely  followed  this  air  flow  in  direction  and  extent.  Plots  containing 
recently  germinated  and  extremely  susceptible  maize  seedlings  developed 
few  if  any  cases  of  the  downy  mildew  when  located  toward  the  mountain 
to  windward  of  actively  infective  plants.  Similar  plots,  however,  situ- 
ated away  from  the  mountain  to  the  leeward  of  the  same  actively  in- 
fective plants  and  in  the  direct  path  of  the  stream  of  conidia  borne  on 
the  nightly  air  currents  from  them  developed  a  very  high  percentage 
of  downy  mildew  cases. 

In  larger  fields  it  was  possible  also  to  demonstrate  that  the  spread  of 
the  downy  mildew  closely  followed  the  direction  and  extent  of  the  nightly 
air  currents.  When,  after  carefully  removing  any  actively  infective 
plants  so  situated  as  to  be  dangerous  to  such  a  field,  a  single  conidium- 
producing  plant  was  transplanted  to  the  center  of  it,  that  portion  of  the 
field  located  to  windward  of  the  diseased  plant  remained  free  from  disease 
except  in  the  very  immediate  vicinity  of  the  plant  itself.  In  the  leeward 
part  of  the  field,  however,  as  the  young  corn  developed,  there  subsequently 
appeared  numerous  cases  of  downy  mildew.  These  were  especially 
frequent  along  the  fan-shaped  path  of  the  conidia  which  were  carried 
by  the  nightly  air  currents  from  the  centrally  placed  diseased  plant 
and  were  increasingly  numerous  the  nearer  one  approached  the  source  of 
infection.  Although,  as  has  been  mentioned,  the  general  trend  of  these 
nightly  air  currents  was  down  from  the  mountain,  it  was  found  by  experi- 
menting that  their  extent  and  direction  were  greatly  influenced  by  local 
conditions.  Such  topographical  features  as  wooded  ridges,  hills,  deep 
gullies  or  brook  beds,  and  small  bodies  of  water  had  a  marked  effect; 
while  buildings,  thick  woods,  and  dense  growths  of  tall  cogonal  grasses 
often  served  also  to  obstruct  or  deflect  the  air  currents.  Even  trees, 
bamboo  or  banana  clumps,  and  small  plots  of  sugar  cane,  sorghum,  or 
cassava  were  found  to  disturb  the  nightly  air  currents  by  causing  little 
eddies  and  local  circulations  of  air. 

Petri  plates  containing  a  thin  film  of  clear  1  per  cent  agar  were  employed 
to  gain  a  more  exact  idea  of  the  direction  and  extent  of  conidium  dis- 
persal by  these  nightly  air  currents.  On  an  apparently  still  night  such 
plates  were  exposed  during  the  period  of  maximum  conidium  formation 
at  various  distances  around  a  single  diseased  plant  which  was  producing 
abundant  conidia.  All  other  actively  infective  plants  in  the  vicinity 
having  been  removed,  careful  record  was  made  both  of  the  position  of  the 
plates  and  of  the  direction  of  the  prevailing  air  currents  in  relation  to  the 
diseased  plant.  At  dawn  the  plates  were  carefully  examined  under  the 
microscope  and  the  presence  and  number  of  conidia  noted.  Very  few 
spores  were  found  in  plates  situated  to  windward  of  the  infective  plant, 
and  only  in  those  which  had  been  very  near  it  (within  3  or  4  feet) .  To 
the  leeward  of  the  infective  plant,  however,  and  directly  in  the  path  of 
spore  distribution  especially,  large  numbers  of  conidia  were  caught. 
These  were  most  numerous  in  plates  near  the  plant  and  proportionately 
less  abundant  in  those  at  greater  distances.  Plates  within  8  or  10  feet 
were  liberally  showered;  those  20  and  30  feet  distant  showed  man^ 
conidia;  while  those  situated  50,  60,  and  in  one  case,  even  80  feet  away 
still  caught  a  few.  As  the  Petri  dishes  were  of  small  size  (10  cm.  diameter) 
it  was  to  be  expected  that  at  greater  distances  the  conidia  would  be  so 
scattered  as  to  reduce  to  the  minimum  the  chances  of  their  being  cap- 
tured. It  should  be  noted  that  the  conidia  whether  caught  at  8  or 
80  feet  germinated  vigorously  on  fie  moist  agar  surface. 
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BY  BREEZES  OF  GREATER  STRENGTH 

Dispersal  of  conidia  is  accomplished  also  by  breezes  and  night  winds 
of  moderate  strength.  By  these  the  conidia  are  carried  more  rapidly 
and  to  a  far  greater  distance  than  by  the  gentle,  almost  imperceptible 
air  currents  just  considered.  At  the  College  of  Agriculture  at  Los  Banos 
stronger  winds  and  breezes  play  a  lesser  part  in  the  total  conidium  distri- 
bution than  does  the  nightly  air  drift,  because  they  are  relatively  infre- 
quent, and  often  occur  when  storms  are  in  the  vicinity  and  when  the  sky 
is  cloudy  so  that  no  conidia  are  produced.  Occasionally,  however, 
gusts  of  brief  duration  but  of  considerable  strength  were  noticed  during 
nights  when  abundant  spore  production  was  taking  place.  These  were 
most  noticeable  just  before  dawn.  Spore  dispersal  is  most  effectively 
accomplished  when  the  breeze  comes  in  such  occasional  intermittent 
puffs,  as  when  constant  it  tends  to  dry  the  dew  from  leaf  surfaces  and 
thus  kill  the  conidiophores  that  are  being  produced. 

In  certain  localities,  where  conditions  are  more  favorable,  stronger 
breezes  occur  with  great  regularity  when  conidia  are  being  formed.  In 
regions  near  the  coast  the  on-shore  breeze  dies  down  after  sunset;  and 
as  the  earth  cools,  an  off-shore  breeze  springs  up,  starting  at  a  consider- 
able distance  inland,  and  blowing  toward  the  sea.  This  was  particu- 
larly noticed  in  the  vicinity  of  Lingayen  Gulf,  Pangasinan  Province, 
where  a  distinct  off-shore  breeze  was  found  to  prevail  at  night,  sweeping 
from  far  inland  over  the  maize  fields  toward  the  shore.  In  extensive 
flat  plains  also,  noticeable  breezes  arise  at  night  and  sweep  over  consider- 
able areas  even  on  nights  when  sufficient  dew  formation  takes  place  to 
insure  the  abundant  formation  of  conidia.  This  was  found  to  be  the  case 
in  the  broad  plain  which  runs  from  Batangas  and  Balayan  Bays  north- 
west through  Batangas  and  Laguna  Provinces  to  the  Lake  of  Bay. 
Throughout  this  plain  where  corn  occupies  about  31,000  acres,  a  large 
proportion  of  the  cultivated  land,  and  where  the  downy  mildew  is  exceed- 
ingly destructive,  such  breezes  were  found  to  be  a  very  important  factor 
in  the  distribution  of  the  downy  mildew.  Observations  were  made  at 
Taal  in  the  midregion  of  this  plain,  at  Calamba,  near  the  northern  limit, 
and  at  Batangas  on  the  southern  coast ;  and  in  each  place  marked  breezes 
were  noted  on  nights  when  conidium  production  was  occurring.  At 
Batangas  the  off-shore  breeze  to  the  bay  also  influenced  the  spore  dispersal, 
while  at  Taal  and  Calamba  the  effect  of  the  presence  of  the  lakes  was 
noticeable. 

BY   VIOLENT   GALES 

Dispersal  of  conidia  is  accomplished  by  night  winds  of  high  velocity 
and  great  strength,  such  as  those  occurring  during  severe  tropical  storms. 
At  first  it  seemed  doubtful  to  the  writer  if  conidium  production  could 
take  place  under  such  conditions  even  though  leaves  were  moist.  Ac- 
cordingly, plants  known  to  be  producing  abundant  conidia  on  normal 
dewy  nights  were  observed  at  night  during  storms  of  varyin  degrees  of 
violence.  These  observations  showed  that,  on  the  whole,  conditions 
which  prevailed  during  such  storms  were  unfavorable  to  conidium  for- 
mation. Frequently  the  torrents  of  driving  rain  and  the  terrific  gusts 
of  wind  lashed  the  leaves  about  so  violently,  or  even  beat  down  the  whole 
plant  so  completely  into  the  mud,  that  the  delicate  conidiophores  were 
prevented  from  developing.  During  less  violent"  storms,  the  rain, 
although  sufficiently  gentle  in  itself  to  permit  conidium  formation,  was 
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frequently  intermittent  and  alternated  with  gusts  of  wind  which  blew  the 
water  from  the  leaves  and  dried  the  developing  conidiophores  sufficiently 
to  kill  them.  None  the  less  conidium  production  could  and  did  take  place 
during  these  tropical  storms  despite  their  unfavorable  violence.  In  all 
but  the  most  destructive  typhoons  at  least  a  few  plants  in  each  plot  were 
sufficiently  sheltered  from  mechanical  injury  so  that  their  leaf  sheaths, 
the  under  sides  of  midribs  at  the  base  of  the  leaves,  or  other  protected 
parts,  permitted  the  production  of  considerable  numbers  of  conidia. 
In  some  cases  conidium  formation  actually  took  place  on  the  inner  sur- 
face of  leaf  sheaths  (PI.  4,  E),  husks,  or  bracts  which  were  so  situated 
that  they  shed  direct  beating  rain.  Moreover,  the  storms  frequently 
began  with  a  cold  rain  which  fell  steadily  for  from  one  to  about  three 
days,  and  the  wind,  when  it  arrived,  came  first  in  intermittent  gusts 
before  increasing  to  its  full  strength.  Under  these  conditions  conidia 
were  produced  in  abundance  on  large  numbers  of  plants  and  for  several 
hours  were  given  ample  opportunity  to  be  distributed  by  the  wind  before 
its  violence  was  sufficient  to  injure  the  developing  conidiophores. 

As  a  concrete  example  of  conidium  production  under  unfavorable 
storm  conditions  observations  made  in  the  typhoon  of  December  25  and 
26,  1918,  are  of  interest.  This  storm  was  an  unseasonable  one,  occurring 
at  the  beginning  of  the  dry  season,  and  preceded  as  well  as  followed  by 
calm,  dry  weather.  It  was  also  a  violent  one.  During  December  25  and 
26  the  rainfall  was  59  mm.  and  the  wind,  by  anemometer,  blew  262.8 
miles,  while  during  the  rest  of  the  month  the  rainfall  averaged  1.17  mm. 
and  the  wind  62.2  miles,  a  day.  Cloudy,  sultry,  threatening  weather 
immediately  preceded  the  storm  which  began  in  the  afternoon  of 
December  25  with  occasional  gusts  of  wind  and  squalls  of  rain.  The 
temperature,  which  during  the  hottest  part  of  the  day,  had  reached  82  ° 
F.,  decreased  rapidly,  dropping  after  sunset  to  700.  The  plants  under 
observation  were  well  covered  with  moisture  despite  the  increasing 
violence  of  the  storm.  By  1 1  o'clock  that  night  the  rain  fell  heavily  and 
almost  continually,  while  the  wind  was  violent  but  intermittent.  From 
1  to  2.30  a.m.,  December  26,  the  storm  raged  at  its  height  with  rain  and 
wind  of  such  terrific  force  that  examination  of  the  plants  was  imprac- 
ticable. After  this,  however,  a  gradual  decrease  was  apparent,  and  b' 
4  a.m.  the  rain  and  wind  had  lessened,  although  violent  squalls  occurred 
from  time  to  time.  The  maize  plots  were  then  examined.  Many  plants, 
both  healthy  and  diseased,  had  been  blown  flat  and  beaten  into  the  wet 
earth.  However,  several  heavily  infected  plants  which  had  been  under 
observation  showed  conidiophore  production  in  abundance  on  the  better 
protected  parts  of  their  leaves  and  sheaths.  Microscopic  examination 
showed  many  conidiophores  which  had  already  discharged  their  conidia, 
hence  production  had  probably  been  going  on  for  about  two  hours  and 
even  during  the  worst  of  the  storm.  Formation  of  conidia  continued 
until  about  6  a.m.  when  it  was  checked  as  the  plants  began  to  dry. 
During  this  time  the  wind  continued  to  blow  in  gusts  favorable  for  spore 
dispersal.    By  afternoon  the  storm  had  disappeared. 

It  was,  of  course,  impracticable  to  determine  the  precise  amount  or 
extent  of  dispersal  of  conidia  during  storms  by  any  such  direct  means  as 
Petri  dishes.  Observations  in  the  field,  however,  showed  repeatedly  that 
in  regions  where  the  disease  had  been  spreading  slowly  on  the  slight 
nightly  air  currents,  a  sudden  scattering  of  the  disease  appeared,  after 
the  normal  incubation  period  following  the  storm,  for  several  miles  along 
the  track  of  the  typhoon. 


268  Journal  of  Agricultural  Research  voi.xxin,  no.  4 

Wind,  in  so  far  as  the  writer  was  able  to  determine,  is  the  most  im- 
portant factor  in  scattering  the  conidia  of  the  Philippine  maize  mildews. 
In  the  other  cereal  downy  mildews  of  the  Orient  various  methods  of 
conidium  dispersal  have  been  emphasized  by  previous  investigators. 
Unfortunately,  Butler's  (5)  discussion  of  the  downy  mildew  of  maize  in 
India  does  not  consider  this  point.  With  regard  to  the  Sclerospora  of 
corn  and  sugar  cane  in  Formosa,  Miyake  (75)  states  that  he  obtained  no 
direct  experimental  data  on  the  methods  of  spread  of  the  conidia  in  the 
field  because  he  could  not  collect  spores  with  germinating  power.  From 
field  observations,  however,  he  concludes  that  the  spores  are  distributed 
by  wind,  by  rain,  and  by  irrigation  water;  but  he  regards  the  distribution 
of  diseased  cuttings  of  cane  as  the  most  dangerous  and  effective  method 
of  spread.  In  the  case  of  the  Javan  maize  mildew,  Rutgers  (20)  disre- 
gards the  matter  of  conidium  dispersal  and  considers  it  doubtful  if 
infection  by  conidia  occurs  normally  in  the  field  in  spite  of  the  fact  that 
Raciborski  (79)  had  secured  infection  with  conidia  and  had  concluded 
that  they  undoubtedly  were  spread  by  the  wind.  Palm  (16),  however, 
rightly  infers  from  field  observations  that  the  disease  spreads  by  the 
wind  dispersal  of  conidia,  and  he  fully  appreciates  the  importance  of 
this  method.  It  should  be  noted,  however,  that  his  experimental  evidence 
(the  finding  of  conidia  in  Petri  dishes  exposed  in  the  path  of  the  wind  10 
to  50  meters  from  a  60  per  cent  infected  held)  is  valueless.  As  these  plates 
were  exposed  during  the  day  and  "Het  weer  was  zonnig  en  droog,"  the 
conidia  caught  were  undoubtedly  the  dried  remainder  from  a  previous 
night's  crop,  quite  dead,  and  quite  incapable  of  germination  or  infection. 
By  his  experiments  "the  presence  of  the  conidia  in  the  air  was  shown" 
as  he  says  (in  translation),  but  as  these  conidia  were  incapable  of  germi- 
nation their  presence  in  the  air  gave  no  proof  of  their  ability,  wind-borne 
through  they  were,  to  spread  infection.  It  would  be  analogous  to  reason 
that  certain  species  of  grasses  are  distributed  by  ocean  currents  because 
the  seed,  although  killed  by  immersion  in  salt  water,  are  carried  long 
distances  in  the  sea. 

SPLASH  DISPERSAL 

Dispersal  of  the  conidia  is  also  accomplished  by  splashing.  On  dewy 
nights  this  is  constantly  taking  place  as  the  large  drops  of  accumulating 
dew  drip  from  the  upper  leaves,  strike  the  conidiophore-bearing  surfaces 
of  the  leaves  below  and  splash  off,  carrying  innumerable  conidia  to 
neighboring  plants.  Droplets  thus  splashed  off,  when  caught  on  sheets 
of  glass  and  examined  with  the  microscope,  were  found  to  contain  large 
numbers  of  conidia  which  germinated  vigorously  in  dew  or  on  agar. 
Although  the  spreading  of  infection  undoubtedly  occurs  in  this  direct 
way,  it  is  of  comparatively  limited  extent  and  involves  only  plants  in 
the  immediate  vicinity.  During  rains,  however,  provided  conidium  pro- 
duction is  taking  place,  the  conidia  are  splashed  far  greater  distances; 
and,  when  the  splashed-off  droplets  are  carried  by  the  wind,  whether 
by  the  gentle  air  currents  of  still  dewy  nights  or  by  the  gales  of  violent 
tropical  storms,  the  distance  of  dispersal  is  greatly  and  correspond- 
ingly increased. 

The  distance  over  which  such  droplets  are  spread  either  by  simple 
splashing  after  falling  from  various  heights  and  upon  different  kinds  of 
surfaces  or  by  spattering  into  and  being  carried  away  by  air  currents 
of  various  strengths  has  been  studied  very  thoroughly  by  Faulwetter  (70) . 
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From  his  investigations  it  seems  safe  to  assume  that  in  the  downy  mil- 
dews of  maize  splash  distribution  would  be  accomplished  as  follows: 
Drops  of  dew  dripping  upon  moist  spore-bearing  leaf  surface  only  12 
inches  below  would  scatter  droplets  full  of  conidia  over  an  area  20  to 
32  inches  in  diameter.  Raindrops  falling  from  a  height  of  only  16  feet 
upon  such  leaf  surfaces  4  feet  above  ground  would  spatter  droplets 
containing  conidia  for  a  distance  of  3  feet  2  inches  if  the  leaf  was  level 
or  as  much  as  $lA  feet  if  the  leaf  surface  inclined  300.  Droplets  spat- 
tered thus  from  a  leaf  4  feet  above  the  ground  would  be  carried  as  much 
as  18  feet  by  a  wind  blowing  10  miles  an  hour  and  proportionately 
farther  by  winds  of  greater  velocity.  Also  conidium-containing  droplets 
would  be  relayed  on  from  plant  to  plant  by  splashing  and  by  wind  through- 
out the  duration  of  a  storm.  Faul wetter  (9)  demonstrated  that  spat- 
tering and  wind-blown  rain  were  important  factors  in  the  dissemination 
of  the  angular  leafspot  of  cotton.  The  writer,  from  a  study  of  the 
maize  downy  mildews  of  the  Philippines,  is  convinced  that  these  factors 
are  operative  in  their  distribution  also. 

The  two  methods  thus  far  considered — namely,  wind  distribution  and 
splash  distribution  acting  either  separately  or  together— are  the  main 
instruments  in  achieving  dispersal  of  conidia  of  the  maize  downy  mil- 
dews under  Philippine  conditions. 

DISPERSAL   BY   AGENTS   OF   MINOR   IMPORTANCE 

Surface  water  apparently  accomplishes  conidium  dispersal  to  some 
extent  by  washing  the  conidia  which  fall  in  it  into  contact  with  young 
seedlings  which  are  temporarily  submerged.  Although  this  was  not 
shown  to  take  place  by  direct  experiment,  nevertheless  there  is  consid- 
erable evidence  of  infection  occurring  in  this  manner.  When  glass 
dishes  containing  brook  water  and  rain  water  were  exposed  at  nights 
under  plants  producing  large  numbers  of  conidiophores,  great  quantities 
of  conidia  were  caught.  Some  of  these  floated  while  others  sank,  but 
all  germinated  vigorously.  When  these  dishes  were  exposed  to  the 
sun  the  conidia  were  soon  killed,  probably  by  the  rapid  increase  in  the 
temperature  of  the  water.  When  the  dishes  were  protected  from  the 
sun,  however,  the  conidia  retained  their  vitality  and  continued  to  ger- 
minate and  grow  until  some  hours  after  dawn.  Young,  susceptible 
plants,  inoculated  with  a  concentrated  suspension  of  living  conidia  from 
these  dishes,  soon  developed  the  disease.  Moreover,  in  the  field  it  was 
frequently  noticed  that  during  the  rainy  season  low-lying  plots  often 
became  submerged  under  a  few  inches  of  standing  surface  water  at  a 
time  when  the  maize  had  just  germinated  and  the  young  seedlings  were 
in  their  most  susceptible  stage.  Extremely  heavy  infection  generally 
resulted  in  these  inundated  areas,  the  remainder  of  the  field  being:  much 
less  affected.     This  was  also  observed  by  Baker  (j)  who  wrote: 

In  one  interesting  case,  a  part  of  a  field  had  been  subjected  to  wash  during  a  heavy 
storm  just  after  planting.  On  this  area  every  plant  was  taken  by  the  mildew,  while 
in  the  remainder  of  the  field  not  a  half  dozen  died. 

Insects  also  contribute  somewhat  in  conidium  dispersal.  While 
diseased  corn  plants  were  being  examined  at  night,  insects  were  often 
seen  crawling  about  on  the  conidium-bearing  leaves  and  passing  indis- 
criminately from  plant  to  plant.  In  spite  of  the  fact  that  many  insects 
are  not  active  at  night  and  that  even  the  nocturnal  ones  are  kept  away 
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to  some  extent  by  the  moisture  on  the  dew-covered  plants,  none  the 
less  a  considerable  number  were  collected  on  maize  during  conidium 
production.  These  included  such  diverse  forms  as  several  types  of 
leaf-eating  larvae,  many  kinds  of  ants,  and  a  variety  of  grasshoppers, 
leafhoppers,  Phryganids,  Hemiptera,  and  Coleoptera.  On  examination 
it  was  found  that  the  appendages  and  bodies  of  these  insects  often  had 
adhering  to  them  large  numbers  of  conidia  which  germinated  readily 
when  placed  in  dew  or  on  agar.  Moreover,  in  the  leaf-eating  larvae 
such  as  Plosia  sp.,  the  intestine  and  even  the  excrement  showed  conidia, 
some  of  which  proved  capable  of  germination  when  tested.  Since  the 
carrying  of  conidia  by  insects  is  apparently  of  very  little  importance  in 
comparison  to  other  methods  of  distribution,  no  attempt  was  made  to 
secure  further  experimental  data  on  frequency  of  inoculation  or  distance 
of  spread.  It  seems  clear,  however,  that  occasional  infection  may  occur 
in  this  way. 

Moist  soil  with  conidia  adhering  probably  serves  infrequently  as  a 
contributory  means  toward  securing  distribution  of  the  downy  mildew 
by  other  agencies.  The  damp  earth  under  the  low-hanging  leaves  of 
small,  heavily  infected  plants  occasionally,  after  still  nights,  was  seen 
to  be  whitened  with  innumerable  conidia.  Examination  showed  that 
these  retained  their  vitality  and  germinability  on  the  soil  until  dried 
by  the  early  sun,  while  such  conidia  as  were  lodged  in  protecting  crannies 
lived  even  longer.  Moreover,  the  infection  of  germinating  maize  seeds 
that  had  not  yet  emerged  from  sterile  sand  was  easily  accomplished 
by  using  bits  of  this  conidium-laden  soil  as  inoculum.  The  seeds  were 
uncovered,  bits  of  infective  soil  were  placed  on  their  plumules,  the 
sterile  sand  was  replaced,  and  the  pots  were  protected  from  further 
infection.  The  resulting  seedlings  were  heavily  diseased.  Undoubtedly 
seedlings  when  emerging  or  just  at  the  surface  of  the  soil  are  occasionally 
infected  in  a  somewhat  similar  fashion  in  the  field.  It  is  probable,  also, 
that  such  conidium-laden  soil  is  at  times  splashed  about  and  causes  the 
infection  of  adjacent  maize  plants  quite  as  the  sporangia  of  Pythiacystis 
were  found  by  Smith  (23)  to  reach  and  inoculate  low-hanging  lemons 
in  bits  of  spattered  earth.  Furthermore,  it  is  possible  that  infective 
soil  could  be  carried  to  susceptible  young  plants  by  animals,  or  implements 
or  men.  In  practice,  however,  such  obstacles  as,  first,  the  necessity 
that  the  infective  soil  should  be  transported  before  or  shortly  after 
dawn,  and,  second,  the  necessity  that  it  should  reach  the  susceptible 
protected  parts  of  the  host,  would  probably  prevent  this  method  of  dis- 
tribution and  infection  from  operating  in  any  save  rare  instances. 

DISSEMINATION  OF  THE  PHILIPPINE  SCLEROSPORAS 

The  foregoing  discussion  of  conidium  production  and  dispersal  logically 
leads  us  to  consider  the  broader  subject  of  the  dissemination  of  the 
Philippine  Sclerosporas.  The  dissemination  of  such  fungi  may  be  con- 
veniently divided,  as  Butler  (4)  has  shown,  into  two  general  types; 
first,  discontinuous  over  comparatively  limited  areas  by  means  of  a 
succession  of  short  jumps;  second,  continuous  over  large  extents  of  land 
or  water  without  interruption.  Spread  of  these  diseases  in  the  Philip- 
pines comprises  both  types.  It  is  chiefly  local  and  discontinuous,  involving 
short  successive  steps  from  field  to  field  and  region  to  region.  To  a 
limited  extent  it  is  also  continuous,  involving  longer  unbroken  jumps 
from  island  to  island  over  intervening  seas.    Spread  of  these  diseases  to 
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such  distant  maize-growing  countries  as  the   United  States,  however, 
must  necessarily  be  continuous. 

The  Philippine  Sclerosporas  can  be  disseminated  in  three  different 
stages  in  their  development,  as  mycelium,  as  resting  spores  (oospores 
with  adherent  oospore  wall),  and  as  conidia.  Each  of  these  demands 
consideration  in  its  relation  to  the  various  phases  of  local  and  of  distant 
spread  in  the  Philippines  or  to  remote  countries. 

DISSEMINATION   BY   MEANS   OF   MYCELIUM 

Mycelium,  from  its  very  nature  can  not  be  distributed  by  itself  but 
must  be  carried  with  some  part  of  the  plant  such  as  cuttings  or  seed. 
Infected  cuttings  do  not,  of  course,  enter  into  the  problem  as  far  as  maize 
is  concerned,  but  in  the  case  of  sugar  cane  and  of  the  wild  grass,  Saccharum 
spontaneum,  the  Sclerosporas  are  spread  to  a  limited  extent  by  this  means. 
At  Bon  toe  in  the  Mountain  Province  the  writer  found  in  January,  1920,  that 
almost  all  the  numerous  small  patches  of  cane  grown  in  and  around  the 
Igorote  villages  were  heavily  infected  with  an  oogonial  Sclerospora;  and 
there  was  strong  evidence  that  the  indiscriminate  use  of  infected  cuttings 
had,  at  least  in  part,  been  responsible  for  its  spread.  This  cane,  however, 
probably  because  it  is  a  thin,  hard-stemmed,  purple  variety  with  a  rather 
low  yield,  had  not  been  distributed  widely;  and  as  far  as  the  writer  was 
able  to  determine  the  disease  is  restricted  to  the  one  locality.  Introduc- 
tion of  this  cane  into  the  sugar-producing  regions  of  Calamba,  Pampanga, 
or  Negros  would  be  extremely  dangerous.  Except  at  Bontoc  no  instances 
of  distribution  of  Sclerospora  by  mycelium  in  sugar  cane  were  noted  in  the 
Philippines.  The  only  other  case  of  Sclerosporal  infection  of  sugar  cane 
seen  by  the  writer  was  a  single  plant  attacked  by  the  conidial  form, 
Sclerospora  spontanea  (25),  and  so  weakened  and  stunted  as  to  be  useless 
for  cuttings.  It  should  be  noted,  however,  that  distribution  of  the  Sclero- 
sporas by  this  means  is  greatly  to  be  feared,  especially  by  remote  countries. 
It  was  through  the  importation  of  cuttings  infected  by  the  mycelium  of 
Sclerospora  sacchari  that  this  destructive  disease  was  introduced  into 
Formosa  from  Australia  (15)  .4 

In  the  case  of  the  wild  grass,  Saccharum  spontaneum,  also,  spread  of 
Sclerospora  is  accomplished  to  some  extent  by  infected  cuttings.  In 
certain  provinces,  especially  Laguna  and  Pangasinan,  it  is  a  common 
practice  to  plant  this  grass  by  means  of  cuttings,  as  a  binder  along  the 
newly  made  retaining  walls  between  rice  paddies.  In  those  provinces 
the  oogonial  Sclerospora  which  has  previously  been  mentioned  (25)  is 
very  prevalent  on  the  grass,  and  as  the  farmers,  ignorant  of  the  true 
nature  of  the  disease,  make  no  effort  to  select  healthy  stems,  the  mildew 
is  frequently  transplanted  in  the  cuttings.  As  a  result,  in  the  newly 
grown  grass  borders  of  these  fields  the  writer  commonly  encountered 
extensive  infections  which  in  location,  age,  and  other  characters  gave 
clear  evidence  of  arising  from  infected  cuttings.  Experimental  plant- 
ings, using  diseased  stalks,  developed  similar  extensive  infections.  In 
the  case  of  plants  of  this  grass  parasitized  by  the  conidial  Sclerospora 
spontanea  the  writer  also  found  experimentally  that  cuttings  could  carry 
the  disease,  but  no  instances  of  such  transmission  of  the  conidial  stage 
were  observed  in  the  field. 

*  Since  this  was  written  the  writer  has  learned  from  Mr.  H.  A.  Lee,  of  the  Philippine  Bureau  of  Science, 
that  Sclerospora  sacchari  has  recently  been  introduced  into  the  Philippines  from  Formosa  in  cuttings  whose 
infection  remained  undetected  through  inspection  in  Formosa  and  Manila  and  persisted  uninjured  through 
precautionary  dipping  in  Bordeaux  mixture. 
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Mycelium-infested  seed,  in  contrast  to  cuttings,  apparently  plays  no 
part  in  the  distribution  of  Philippine  maize  mildews.  Although  in  maize 
the  writer  (24)  has  found  Sclerospora  mycelium  in  the  seed  coats  and  even 
invading  the  endosperm,  a  series  of  experimental  plantings  of  such  seed 
in  all  stages  of  development,  and  even  with  the  diseased  cob  still 
attached,  gave  rise  to  no  mildewed  plants.  Similar  plantings  of  such 
seed  from  infected  plants  of  teosinte  (Euchlaena  luxurians  Schrad.), 
teosinte-maize  hybrids,  and  Saccharum  spontaneuvi  gave  like  negative 
results.  In  the  Javan  maize  Sclerospora,  Palm  (16),  after  careful 
histologic  study  and  extensive  plantings,  found  the  same  to  be  true. 
These  facts  are  of  interest,  as  it  has  long  been  assumed  that  seed- 
borne  mycelium  is  a  means  by  which  Sclerospora  is  distributed.  This 
assumption  has  been  based  on  investigations  carried  out  on  Sclerospora 
macrospora  Sacc.  in  which  the  oogonial  phase  alone  is  known,  and  on 
5.  graminicola ,  in  which  the  conidial  stage  is  rare  and  the  oogonial 
preponderates.  It  should  be  noted  that  in  the  cases  recorded  infection 
might  well  have  arisen,  not  from  seed-borne  mycelium  but  from  oospores 
which  in  both  species  are  produced  in  vast  numbers  and  were  undoubtedly 
adhering  to  or  present  in  the  coats  of  the  seed  used.  This  explanation 
would  apply  to  Peglion's  observation  (17)  that  grain  from  wheat  heads 
infected  with  5.  macrospora  and  showing  mycelium  in  the  outer  coats 
produced,  when  germinated,  abnormal  seedlings  with  mycelium  in  their 
tissues.  It  would  also  apply  to  the  case  described  by  Massee  {14)  of  an 
outbreak  of  Sclerospora  in  England  on  sugar-cane  grown  from  seed  from 
France,  a  case  that  is  particularly  interesting  not  only  because  it 
presents  evidence  for  seed  transmission,  but  also  because  the  resulting 
downy  mildew  was  5.  graminicola,  a  species  as  yet  unrecorded  on  cane. 

DISSEMINATION   BY   MEANS   OF   OOSPORES 

When  the  distribution  of  the  Philippine  Sclerosporas  by  oospores  is 
considered  it  is  impossible  to  state  how  much  or  how  little  is  accom- 
plished by  these  bodies,  since  unfortunately  the  exact  role  which  they 
play  is  not  at  present  understood.  That  they  must  be  functional  to 
some  extent  in  enabling  the  disease  to  withstand  unfavorable  conditions 
or  to  spread  over  distances  so  great  that  conidia  would  be  killed  in 
transit  seems  logical  and  necessary.  Yet,  in  so  far  as  the  writer  was 
able  to  determine,  oospores  are  never  produced  on  maize  in  the  Philip- 
pines. The  conidial  stage  alone  occurs  on  this  host,  persisting,  although 
somewhat  diminished,  through  unfavorable  seasons,  spreading  disas- 
trously in  favorable  periods,  and  causing  widespread  destruction  through- 
out the  islands,  all  apparently  quite  independent  of  any  oogonial  phase. 

So  far  as  their  existence  on  maize  is  concerned  one  need  consider  the 
Philippine  Sclerosporas  only  in  the  conidial  stage  to  understand  their 
persistence,  their  spread,  and  their  destructiveness.  But,  on  the  other 
hand,  on  other  gramineous  hosts  in  the  Philippines  it  is  the  oogonial 
stages  that  are  predominately  widespread,  persistent,  and  destructive. 
On  Saccharum  spontaneum,  for  example,  Sclerospora  oogonia  are  ex- 
tremely abundant,  not  only  in  the  lowlands  where  the  conidial  phase, 
although  rare  on  this  host,  is  common  on  maize,  but  also  in  the  moun- 
tainous interior  of  Luzon  where  conidia  on  either  host  do  not  occur  or 
are  so  rare  as  to  escape  observation.  Similarly,  in  this  same  moun- 
tainous region  the  wild  grass  Miscanthus  japonicus  and  the  cultivated 
sugar-cane  show  abundant  infection  with  oogonia  exclusively.    Moreover, 
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this  stage  alone  was  found  on  wild  grasses  in  remotely  isolated  uplands 
far  from  maize,  and  on  islands  two  or  three  miles  from  shore. 

The  three  oogonial  Sclerosporas,  although  morphologically  similar, 
occur  on  three  different  hosts  and  are  occasionally  found  in  widely 
separated  localities.  The  conidial  Sclerosporas  are  morphologically 
separable  as  two  distinct  species  (25).  It  is  impossible,  at  present,  to 
understand  what  relationship,  if  any,  exists  between  these  conidial  and 
oogonial  stages.  From  the  evidence  at  hand  it  is  not  apparent  whether 
the  conidial  Sclerospora  philippinensis,  found  on  maize,  sorghum,  and 
teosinte,  and  inoculated  to  Saccharum  spontaneum  and  Miscanihus 
japonicus,  has  as  another  phase  in  its  life  cycle  the  oogonial  stages  found 
on  one  or  more  of  the  three  hosts  mentioned  above,  and  whether  the 
conidial  Sclerospora  spontanea  found  on  maize,  Saccharum  spontaneum, 
and  sugar-cane,  and  inoculated  to  Miscanihus  japonicus  is  related  to 
these  oogonial  forms,  or  whether  all  are  independent  and  unrelated. 

The  solution  of  this  relationship  necessitates  germinating  the  oospores 
and  securing  conidial  infection  from  inoculation  with  them.  So  far  the 
writer's  preliminary  investigations  of  these  points  have  resulted  unsuccess- 
fully, as  have  all  the  attempts  reported  in  the  literature  by  investigators 
of  the  genus  from  its  founding  by  Schroeter  (22)  in  1879  to  the  present 
day.  To  be  sure,  in  1884,  Prilleux  (18)  reported  that  M.  Frechou,  para- 
macien  of  Nerac,  had  seen  the  oospores  of  Sclerospora  graminicola  germi- 
nate by  the  protrusion  of  a  hypha ;  but  this  investigation  was  not  followed 
far  enough  to  cast  any  light  on  the  relationship  of  the  two  stages.  Until 
this  relationship  is  worked  out,  the  part  played  by  oospores  in  distributing 
and  maintaining  the  downy  mildews  in  the  Philippines  can  not  be  under- 
stood. 

When  considering  the  Philippine  Sclerosporas  as  a  source  of  danger 
to  the  United  States  it  is  chiefly  with  the  oogonial  stage  that  we  are 
concerned.  Introduction  probably  would  be  accomplished  by  oospores, 
for  as  has  been  seen  the  fungi  could  not  survive  distant  transportation 
except  in  this  stage  or  as  mycelium  in  sugar-cane  or  grass  cuttings.  If 
established  in  our  country  the  Sclerosporas  would  survive  the  winter 
principally  by  means  of  the  oospores  which  with  their  adherent  oogonia 
are  characteristically  thick-walled  and  resistant.  It  is  in  this  way  that 
the  closely  related  Sclerospora  graminicola  which  thrives  in  the  Tropics 
is  able  to  live  through  the  year  in  northern  Iowa,  Wisconsin,  and  Michigan. 
For  these  reasons  the  detailed  study  of  the  oogonial  phases  both  of  the 
Philippine  Sclerosporas  and  of  other  species  is  one  of  the  most  pressing 
needs  of  future  investigation.5 

DISSEMINATION   BY    MEANS   OF   CONIDIA 

It  is  the  conidia  which  play  the  most  important  part  in  disseminating 
the  downy  mildews  of  maize  throughout  the  Philippine  Islands.  From 
a  knowledge  of  the  details  of  conidium  production  and  dispersal  which 

0  It  is  of  interest  to  note  that  since  the  foregoing  was  written  Sclerospora  macrospora  has  been  found  on 
wheat  in  the  United  States.  Wheat  plants  attacked  by  this  fungus  were  collected  at  Jordan,  Ky.,  in  April, 
1921,  by  Mr.  R.  W.  Leukel  and  identified  by  Dr.  A.  G.  Johnson,  who  later  found  the  same  parasite  on  spec- 
imens of  wheat  collected  in  California  in  1919.  Subsequent  investigation  by  the  writer  has  shown  that  the 
Sclerospora  is  well  established  in  the  wheat  fields  of  western  Tennessee  and  Kentucky.  This  species  has 
never  been  found  in  the  Americas  before,  but  in  Italy,  southern  France,  and  other  parts  of  Europe  it  has 
been  known  since  1895  as  a  disease  sporadically  destructive  to  wheat,  maize,  oats,  rice,  and  various  wild 
grasses.  Its  occurrence  in  Tennessee,  far  from  wheat,  on  Bromus  comtnutatus  Schard.,  a  grass  introduced 
from  Europe  within  comparatively  recent  years,  possibly  indicates  that  this  host  brought  in  the  disease 
with  it.  In  any  case,  this  instance  emphasizes  the  danger  of  the  oogonial  stage,  the  only  one  known  in 
this  species  as  a  means  of  disseminating  Sclerosporas. 
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have  been  given  above,  one  is  able  to  understand  and  adequately  to 
explain  the  most  important  phases  of  the  problem  presented  by  these 
maize  mildews  in  the  Philippines.  The  gradual  local  spread  of  the 
disease  in  some  regions  and  its  sudden  scattering  over  extensive  areas 
in  others,  the  apparent  immunity  of  maize  in  certain  localities  and  the 
destruction  of  the  whole  crop  in  others,  the  sudden  appearance  of  the 
disease  in  areas  hitherto  uninfected  and  the  equally  rapid  disappearance 
of  long  persistent  infection  elsewhere  are  all  no  longer  baffling. 

It  should  be  noted,  however,  that  the  dispersal  of  conidia  does  not 
necessarily  imply  distribution  of  the  downy  mildews.  Vast  quantities 
of  germinable  conidia  may  be  scattered  by  the  breezes;  but  if  they  fail 
to  reach  susceptible  parts  of  favorable  hosts  before  being  killed  by 
drying,  no  distribution  of  the  Sclerosporas  will  result.  The  following 
points  must  be  borne  in  mind.  To  secure  the  production  of  large  numbers 
of  conidia  there  must  be  a  heavy  and  lasting  deposition  of  dew  on  the 
infected  plants;  to  effect  the  dispersal  of  the  conidia  so  produced  there 
are  required  night  breezes  of  favorable  strength  and  duration;  while  to 
accomplish  infection  from  the  quantities  of  conidia  thus  scattered  there 
must  be  available  and  accessible  in  the  field,  within  carrying  distance, 
young  susceptible  maize  plants  into  whose  dew-bathed  buds  and  leaf 
axils  the  breeze-borne  conidia  may  fall.  These  conditions  are  the  limiting 
factors  affecting  distribution  of  the  downy  mildew  through  the  agency  of 
conidia.  In  the  Philippines,  climatic  conditions  and  agricultural  prac- 
tices are  such  that  these  requirements  are  very  generally  fulfilled.  As  a 
result  dissemination  by  means  of  conidia  goes  on,  year  in  and  year  out. 
unhindered. 

In  achieving  discontinuous,  step-by-step  distribution  of  the  maize 
mildews,  the  conidia  are  preeminently  important.  At  the  beginning  of 
each  rainy  season  the  downy  mildews  gradually  spread  in  the  newly 
planted  maize  from  centers  where  the  conidial  stage  has  lived  through 
the  dry  season  on  maize  planted  out  of  season  or  maintained  under 
irrigation  for  forage.  Along  the  edge  of  the  broad  Batangas  plain,  for 
example,  small  areas  are  kept  in  maize  during  the  dry  season  at  Sto. 
Tomas,  where  the  proximity  of  Mount  Maquiling  insures  unseasonable  rains, 
and  at  Lipa  where  Mount  Malepunyo  serves  similarly.  At  both  places 
downy  mildew  persists  on  these  plantings;  and  when  the  rainy  season 
begins  the  new  maize  crop,  exposed  each  night  to  large  numbers  of 
wind-borne  condidia,  becomes  rapidly  and  extensively  infected.  Also, 
in  the  foothills  of  Mount  Banahao,  at  San  Pablo,  Lilio,  Nagcarlan,  and 
Majayjay  numerous  densely  and  successively  planted  maize  plots  are 
maintained  through  the  dry  season  to  supply  forage  for  the  tough  little 
ponies  that  are  the  chief  means  of  transportation  over  the  steep  roads. 
In  these  plots  the  downy  mildew  is  carried  along  to  spread  with  disastrous 
effect  to  the  more  extensive  plantings  of  the  main  maize-growing  season. 

Not  only  can  the  progress  of  the  disease  be  followed  in  limited  areas 
during  early  stages  in  the  development  of  a  single  maize  crop,  but  in 
the  course  of  the  growing  season,  which  in  some  regions  accommodates 
two  or  even  three  successive  crops  and  occupies  two-thirds  of  the  year  or 
more,  spread  over  extensive  areas  can  easily  be  traced.  For  example, 
in  the  Batangas  plain  and  along  the  border  of  the  Lake  of  Bay,  where  the 
progress  of  the  maize  mildew  was  followed  closely  during  two  years,  it 
was  observed  to  spread  from  the  persistent  foci  of  infection  which  have 
been  mentioned  and  extend  with  ever-increasing  severity  and  expansion 
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until  finally  in  the  last  crop  maturing  in  the  early  part  of  the  on-coming 
dry  season  it  had  penetrated  even  to  relatively  remote  fields  and  caused 
them  heavy  losses. 

Whether  the  discontinuous  spread  of  the  mildews  from  island  to 
island  is  due  to  the  agency  of  conidia  could  not  be  settled  by  observation. 
Certain  evidence,  however,  seems  to  indicate  that  such  distribution  does 
occur..  The  closely  aggregated  Philippine  Islands  are  idealy  situated  for 
the  dissemination  of  the  downy  mildews  by  wind-blown  conidia.  Of  the 
entire  3,000  islands,  about  1,000  are  of  sufficient  size  and  importance  to 
be  worthy  of  agricultural  consideration;  and  these  are  grouped  in  an 
irregular  triangle  extending  about  1,000  miles  from  north  to  south.  The 
11  largest  of  these  extend  over  more  than  four-fifths  of  this  distance 
and  comprise  but  little  less  than  four-fifths  of  the  total  area.  Yet  the 
distance  separating  any  one  of  these  from  the  next  is  not  over  20  miles — 
often  much  less.  Moreover,  their  arrangement  is  such  that  typhoons 
and  prevailing  trade  winds  have  a  general  lengthwise  trend  over  them. 
Downy  mildew  of  maize  is  already  known  from  the  great  Island  of  Min- 
danao at  the  south,  from  the  Visayan  Islands  in  the  center,  and  from 
Luzon  at  the  far  north.  Seven  of  the  11  largest  islands  are  known  to 
harbor  the  disease;  and  in  all  probability  investigation  will  show  that  it 
is  established  throughout  the  whole  archipelago.  That  this  broad 
distribution  has  been  and  is  being  accomplished,  at  least  in  part,  by 
conidia  blown  from  one  island  to  another  on  night  breezes  seems  very 
probable  to  the  writer.  Night  winds,  especially  those  which  come  in 
sudden  gusts  of  considerable  strength,  often  have  a  velocity  of  10,  20,  or 
more  miles  an  hour ;  while  the  gales  which  distinguish  nocturnal  typhoons 
frequently  reach  hurricane  velocity.  Moreover,  especially  in  the  Visayan 
Islands,  diseased  maize  is  found  in  abundance  on  highlands  which  unob- 
structedly  overlook  the  intervening  seas.  It  seems  probable  that  conidia 
swept  by  violent  gales  from  such  vantage  points  would  take  no  longer 
to  reach  the  maize  fields  of  neighboring  islands  10  miles  distant  than 
conidia  borne  on  almost  imperceptible  air  currents  would  take  to  drift 
from  stunted  plants  to  plates  exposed  100  feet  away. 

Butler  (4),  in  summing  up  the  general  question  of  wind  distribution 
of  fungi,  concludes  that — 

Several  [cases]  suggest  that  aerial  spread  is  limited  to  a  few  miles,  while  other  [fungi] 
are  capable  of  bigger  jumps,  possibly  50  miles  or  (in  the  case  of  the  oak  mildew)  even 
more. 

The  striking  experimental  evidence  of  Hesselman  (12),  on  the  other 
hand,  shows  that  pollen  grains  much  larger  than  conidia  may  be  trans- 
ported 30  and  even  50  miles  by  breezes  of  moderate  strength.  It  should 
be  remembered,  however,  that  pollen  and  the  spores  of  most  fungi  are 
not  so  rigidly  restricted  in  time  or  extent  of  distribution  as  are  the  downy- 
mildew  conidia  which  can  not  survive  drying  and  must  be  produced, 
scattered,  and  reach  new  hosts  within  relatively  few  hours  of  the  night. 
The  fact  that  the  writer  (25)  has  found  two  conidial  Sclerosporas  on  maize 
apparently  restricted  to  different  groups  of  the  Philippine  Islands  must 
also  be  considered.  The  writer  inclines  to  the  belief  that  dissemination 
of  the  maize  mildews  from  island  to  island  by  means  of  conidia  has  taken 
or  is  taking  place,  but  until  further  evidence  has  been  obtained  and  the 
geographic  distribution  of  these  and  other  species  has  been  worked  out 
for  the  whole  archipelago,  no  final  decision  on  this  point  can  be  made. 
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It  is  clear,  however,  that  the  conidial  stage  of  Sclerospora,  at  least  in 
the  Philippine  forms,  is  far  more  complex  in  respect  to  conidium  produc- 
tion and  dispersal  and  far  more  important  in  disease  dissemination 
than  has  been  realized  hitherto. 

SUMMARY 

In  the  Philippine  Islands  the  two  downy  mildews,  Sclerospora  philip- 
pinensis  and  5.  spontanea  are  in  their  conidial  phases  injurious  parasites 
of  maize.  Investigation  of  the  two  species  has  cast  light  of  certain 
hitherto  obscure  points  in:  (i)  The  production  and  dispersal  of  conidia, 
and  (2)  the  relation  of  these  processes  to  the  local  and  distant  dissemina- 
tion of  the  diseases. 

Production  of  conidia  on  infected  plants  is  preceded  by  the  establishing 
on  leaves  and  sheaths  of  characteristically  discolored  areas  that  in  out- 
line and  pallor  are  symptomatical  of  the  disease.  Production  takes 
place  chiefly  and  in  greatest  quantity  on  such  areas  which  may  occupy 
a  relatively  large  proportion  of  the  plant's  surface. 

Conidiophores  never  develop  except  from  the  stomata,  at  night,  and 
when  the  surface  is  covered  with  dew  or  other  moisture.  From  the 
mycelium  in  the  underlying  tissue,  branches  push  through  the  stomatal 
pores,  forming  crowded  groups  of  lobed  and  knob-like  outgrowths. 
These  elongate,  developing  successively  into  mature  conidiophores,  sev- 
eral of  which  are  formed  at  each  stoma  during  the  course  of  the  night. 
The  conidia  apparently  are  liberated  by  active  ejection  from  the  sterig- 
mata,  rather  than  by  passive  disjunction  as  has  been  assumed;  but  fur- 
ther investigation  is  necessary  to  establish  this  point.  Nocturnal  devel- 
opment of  conidiophores  in  the  usual  amount  of  dew  follows  a  relatively 
regular  cycle,  which,  however,  may  be  altered  by  rain  or  by  drying 
winds. 

Conidia  are  produced  in  vast  numbers,  even  a  small  plant  liberating  a 
quantity  sufficient  to  infect  the  neighborhood.  The  number  produced 
on  a  plant  during  one  night  chiefly  depends  on  the  extent  of  the  produc- 
tive surface,  on  the  number  of  stomata  in  this  surface,  and  on  environ- 
mental conditions.  Approximate  estimates  of  the  number  produced  on 
representative  plants  of  different  ages  are  given. 

Production  of  conidia  on  an  infected  plant  is  not  limited  to  one  night 
but  may  be  repeated  on  successive  nights  when  conditions  are  favorable 
over  a  period  covering  as  much  as  75  per  cent  of  the  total  life  of  the 
plant.  The  duration  of  production  in  the  case  of  several  different  varie- 
ties of  infected  maize  is  given. 

Dispersal  of  conidia  takes  place  necessarily  at  night.  (1)  It  is  accom- 
plished chiefly  by  wind.  Slight  air  currents  are  especially  important; 
because,  although  local,  they  occur  very  frequently  and  at  the  time  of 
maximum  conidiophore  production.  Stronger  breezes,  usually  near  the 
sea  and  on  broad  plains,  are  effective  because  they  occur  often  during 
maximum  conidiophore  production  and  cover  considerable  territory. 
Violent  gales  are  not  conducive  to  copious  and  general  production  of  coni- 
dia but  yet  are  important,  because  they  rapidly  sweep  such  few  conidia 
as  may  be  formed  over  great  distances.  (2)  Dispersal  of  conidia  is  also 
accomplished  by  splashing.  Drops  of  dew  or  rain  falling  on  the  conidi- 
ophore-bearing  leaves,  splash  off,  laden  with  conidia,  and  may  reach 
young  maize  directly  or  may  be  carried  to  it  by  wind.     (3)  Dispersal  is 
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also  effected,  though  to  a  much  less  degree,  by  agents  of  minor  importance, 
such  as  surface  water,  insects,  and  moist  soil  laden  with  conidia. 

The  genus  Sclerospora  may  be  disseminated  in  three  stages  of  its  devel- 
opment— as  mycelium,  as  oospores,  and  as  conidia.  (1)  Mycelium,  in 
the  case  of  maize  itself,  plays  no  part  in  disseminating  the  Philippine 
downy  mildews.  However,  as  mycelium  in  cuttings  of  other  hosts,  such 
as  sugar  cane  and  related  grasses,  these  diseases  are  distributed  in  the 
Philippine  Islands  and  thus  could  be  brought  to  the  United  States.  (2) 
The  oospore  stage  is  not  found  on  maize  in  the  Philippines.  Whether  the 
oogonial  Sclerosporas  occurring  on  sugar  cane  and  two  wild  grasses  in  the 
islands  are  related  to  maize  is  not  known.  However,  this  stage  must  be 
responsible  for  at  least  some  of  the  local  and  distant  spread  of  these  fungi 
and  may  possibly  be  involved  also  in  the  dissemination  of  the  conidial 
phases  on  maize.  (3)  Not  only  during  any  one  season  but  from  year  to 
year  conidia  are  the  most  important  means  cf  accomplishing  both  locally 
and  extensively  the  destructive  spread  of  the  downy  mildews  on  maize 
throughout  the  Philippine  Islands.  Spread  to  the  United  States  could 
not  be  accomplished  by  conidia  unless  these  developed  on  plants  imported 
alive.  If  the  disease  were  introduced  in  any  fashion,  however,  the  coni- 
dia would  be  of  the  greatest  importance  in  rapid  dissemination. 
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PLATE  i  ' 

A. — Young  maize  plant  (Mangonon  White  Dent)  four  days  after  the  first  symp- 
tomatic paling  of  the  leaves.  Conidiophore  production  which  has  already  taken 
place  on  two  favorable  nights  has  begun  characteristically  on  the  distal  portion  ot 
the  upper  leaves  (a,  a).  The  total  conidiophore-bearing  area  at  this  early  period  com- 
prises only  a  few  square  centimeters  but  as  time  goes  on  will  continue  to  become 
increasingly  extensive  as  the  plant  develops.     XK- 

B. — A  near  view  of  the  fifth  to  eighth  leaves  of  a  young  maize  plant  (Chinese  Waxy 
white),  showing  (at  x,  x)  the  etiolated  stripes  characteristic  of  the  downy  mildew. 
These  markings  had  only  begun  to  turn  pale  a  little  before  dawn  of  the  morning 
on  which  they  were  photographed,  hence  they  were  still  inconspicuous  and  free 
from  conidiophores.  During  the  succeeding  night,  however,  conidiophores  were 
developed  on  the  pallid  areas.     Natural  size. 

C— Plant  of  maize  (Guam  White  Flint)  which,  although  only  a  little  over  3  weeks 
old,  is  already  producing  vast  quantities  of  conidiophores  each  favorable  night  from 
relatively  extensive  and  conspicuously  pale  areas  on  its  upper  leaves  and  sheaths. 

XX. 


1  The  photographs  of  Plates  1  to  6  were  taken  by  the  author. 
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PLATE  2 

A.— Two  young  maize  plants  (Guam  White  Flint)  10  days  after  emergimg;  the  smaller 
and  nearer  one,  healthy;  the  larger  one  already  infected  and  showing  (at  a)  the  etio- 
lated conidiophore-bearing  areas  characteristic  of  the  downy  mildew. 

B. — The  same  plants  about  a  month  later.  The  conidiophore-bearing  area  which 
was  inconspicuous  and  occupied  only  a  few  square  centimeters  on  the  leaves  of  the 
young  plant  is  now  very  extensive  and  conspicuous  and  supports  the  production 
of  vast  numbers  of  conidia  each  favorable  night.  The  meter  stick,  which  is  the  same 
as  that  shown  in  A,  is  marked  off  in  5-cm.  divisions. 


PLATE  3 

A. — Two  plants  of  Manobo  Waxy  Maize  14  days  after  emerging;  the  one  at  the 
left  health}^,  the  one  at  the  right  already  infected  with  Sclerospora  philippinensis, 
and  showing  etiolated  stripes  symptomatic  of  the  disease.  These  stripes  are  rela- 
tively inconspicuous  (a,  a)  and  have  a  comparatively  small  area  but  are  supporting 
abundant  conidiophorz  production  from  both  their  upper  and  their  lower  surface. 
The  measure  is  marked  in  5-cm.  divisions. 

B. — The  same  plants  16  days  later.  The  etiolated  markings  which  have  been  devel- 
oped by  the  infected  plant  at  the  right  are  now  relatively  extensive  and  conspicuous 
and  on  them  from  both  surfaces  conidiophore  production  continues  to  take  place  in 
abundance.     Measure  as  in  A. 
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V 


PLATE  4 

A. — Basal  portion  of  the  fifth  leaf  of  a  young  plant  (with  seven  leaves)  of  Pueblo 
White  maize,  showing  recently  established  etiolated  markings  due  to  Sckrospora 
philip pinensis  which  extend  up  from  the  very  pale  leaf  sheath.  Conidiophore  produc- 
tion on  this  lower  leaf  had  not  as  yet  become  abundant  and  conspicuous.    Natural  size. 

B. — Distal  portion  of  the  sixth  leaf  of  the  same  plant.  The  etiolated  areas  extend 
nearly  to  the  tip  of  this  leaf  and  on  them  conidiophores  have  already  developed  in 
abundance,  especially  along  the  midrib.    Natural  size. 

C. — Portion  of  a  leaf  of  Moro  White  maize  from  a  plant  heavily  infected  with  5. 
philip pinensis .  Conidiophore  production  is  most  abundant  along  the  pallid  stripes 
but  also  occurs  scatteringly  on  the  less  conspicuously  discolored  areas  between  them 
and  even  on  the  midrib,  a.     X2. 

D. — Portion  of  a  leaf  of  Guam  White  Flint  maize  showing  abundant  production  of 
the  conidiophores  of  5.  philip  pinensis.     X2. 

E. — Unrolled  sheath  of  the  uppermost  leaf  of  a  heavily  infected  plant  of  Moro  White 
maize,  showing  conidiophores  which  were  formed  in  the  protection  of  this  overlapping 
edge  during  a  nocturnal  storm  that  was  so  severe  as  to  prevent  spore  formation  on  more 
exposed  parts.     Xi>2. 


PLATE  5 

A. — Deformed,  virescent  tassel  of  a  plant  of  Cattete  Brazilian  Yellow  Flint  resulting 
from  a  severe  attack  of  Sclerospora  philippinensis.  This  plant  showed  the  usual  heavy 
production  of  conidia  from  its  extensive  leaf  and  sheath  areas.  In  addition,  from  a 
large  proportion  of  the  surface  of  the  abnormally  developed  bractlike  outgrowths  in 
this  tassel  conidiophore  formation  took  place  in  abundance. 

B. — Plant  of  Guam  White  Flint  which,  as  a  result  of  infection  by  5.  philippinensis, 
developed  an  abnormal  ear  branch.  This  branch  resulted  from  the  elongation  of  the 
shank  and  the  excessive  growth  of  the  husks  of  an  ear  which  at  first  was  apparently 
normal.  Conidiophore  production,  after  it  had  ceased  on  the  main  body  of  the  plant, 
continued  in  abundance  on  the  broad,  leafy  tips  and  the  basal  sheath  portion  of  the 
husks  of  this  branch,  prolonging  the  period  of  spore  production  to  a  total  of  more  than 
nine  weeks.  At  the  extreme  left  can  be  seen  a  healthy  plant  with  a  normal  ear.  The 
meter  stick  is  marked  off  in  5-cm.  divisions. 
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PLATE  6 

A. — A  young  teosinte  plant  infected  with  Sclcrospora  philippinensis  and  supporting 
abundant  conidiophore  production  from  relatively  inconspicuous  markings  on  the 
leaves,  not  only  of  the  main  shoot  but  also  of  the  two  lateral  suckers  by  which  the  total 
spore-producing  area  in  considerably  increased. 

B. — A  closer  view  of  the  central  shoot  of  A,  showing  the  pallor  of  the  conidiophore- 
bearing  areas  of  the  leaves  and  sheaths  compared  with  the  isolated  stripes  of  normal 
green  which  still  persist  at  a,  a.  As  can  be  seen,  the  pallid  portions  occupy  relatively 
a  large  proportion  of  the  total  leaf  area,  and  since  they  support  conidiophore  produc- 
tion on  both  surfaces  the  total  amount  of  production  each  night  is  large. 

C. — An  older  teosinte  plant  growing  as  an  escape  in  a  field  of  Mexican  June  maize, 
from  which  it  has  become  heavily  infected  with  5.  philippinensis.  Although  slender 
and  spindling,  the  plant  has  a  relatively  large  conidiophore-bearing  surface  and  lib- 
erates great  quantities  of  conidia  each  favorable  night.  Each  division  of  the  meter  stick 
equals  5  cm. 
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PLATE  7  ' 

A-D. — Stages  in  the  development  of  the  branches  which  start  from  the  substomatal 
mycelium,  push  through  the  stomatal  pore,  and  by  forming  lobed  outgrowths  give 
rise  to  the  crowded  group  of  knoblike  buds  that  develop  into  the  conidiophores. 
Maize  (Guam  White  Flint)  infected  by  Sclerospora  spontanea;  exterior  view  of  the 
epidermis  showing  stages  characteristically  found  from  10  to  n  p.m.  A. — Stomata 
not  yet  invaded ;  its  pores  closed  to  a  narrow  slit.  B. — From  the  substomatal  mycelium, 
part  of  which  can  be  seen  dimly  beneath  the  epidermis  at  a  and  b,  many  knoblike 
branch  tips  are  crowding  up  through  the  stomatal  pore.  C. — A  later  stage  in  the 
growth  of  the  knoblike  branches,  some  of  which  have  enlarged  and  pushed  still  farther 
out  of  the  stoma.  D. — A  still  later  stage;  the  knoblike  branches  have  grown  into 
enlarged  and  lobed  outgrowths  which  will  elongate  into  the  club-shaped  conidiophore 
initials.     X700. 

E. — A  similar  stoma  seen  in  longitudinal  section  at  a  later  stage  in  the  development 
of  the  conidiophores.  Above  the  group  at  a  is  shown  the  base  of  a  conidiophore  that 
has  already  lost  its  conidia  and  begun  to  shrink.  At  b  is  the  base  of  another  which  is 
just  maturing.  Below  are  several  knoblike  outgrowths  that  will  develop  into  conidio- 
phores in  their  turn.  From  a  longitudinal  section  of  the  same  material  cut  at  2.30  a.m. 
X700. 

F. — A  group  consisting  of  outgrowths  and  their  maturing  conidiophores.  Similar 
to  that  shown  in  E  but  dissected  out  from  the  surrounding  tissue.  The  maturing 
conidiophore  whose  base  is  shown  at  a  is  figured  in  full  in  Plate  8,  Q.  2.30  a.m.    X700. 

G. — Portion  of  a  cross  section  of  the  same  material,  showing  in  the  substomatal 
chamber  vigorous  mycelial  branches  from  which  has  arisen  a  group  of  knoblike  out- 
growths.   At  a  is  the  basal  extremity  of  a  conidiophore  already  matured.    2.30  a.m. 

X7°°- 

H. — Portion  of  a  cross  section  of  Saccharum  sponatneum  leaf  heavily  infected  with 
Sclerospora  spontanea.  From  the  stoma,  which,  in  this  grass,  is  deeply  depressed  and 
protected  by  ridges,  has  pushed  out  a  small  group  of  outgrowths  one  of  which  has 
begun  to  elongate  into  a  conidiophore.  Their  relationship  to  the  vigorous  mycelial 
branches  in  the  substomatal  chamber  can  be  traced  clearly.    2  a.m.     X700. 

1  The  drawings  were  made  with  the  aid  of  a  camera  lucida  and  are  from  living  material  hand  sectioned  at 
night  in  water,  the  sections  being  immediately  killed  and  fixed  in  osmic  acid,  stained,  and  mounted. 
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PLATE  8  J 

A. — External  view  of  stoma  ofmaize,  showing  knoblike  outgrowths  from  the  internal 
mycelium  throughout  the  distended  pore.     iop.  m.     X.375- 

B. — Early  stages  in  the  development  of  eonidiophores,  showing  gradual  elongation 
of  the  small  knoblike  outgrowths  into  club-shaped  initials.     10  to  n  p.  m.     X375. 

C. — External  view  of  tie  stoma  of  maize  (Barbados  Yellow  Flint)  infected  with 
Sclerospore  philippinensis.  Arising  from  the  stomatal  pore  are  four  partly  developed 
initials  while  a  small  knoblike  outgrowth  is  pushing  up  between  their  bases,     n  p.  m. 

X37S-  .  ... 

D. — Club-shaped   conidiophore    initials  of   Sclerospora   philippinensis.     Note   the 

short,  stocky  habit  and  the  indications  that  the  basal  cell  will  be  short  and  stout. 

11  to  12  p.  m.     X37S- 

E. — Conidiophore  initials  of  Sclerospora  spontanea  at  approximately  the  same  stage 
of  their  development.  In  comparison  to  those  of  the  other  species  (D)  they  are  longer 
and  more  slender  in  habit,  especially  in  the  lower  portion  that  will  be  cut  off  as  the 
basal  cell.     11  to  12  p.  m.     X375. 

F. — Conidiophore  initials  at  a  later  stage  than  those  in  E,  showing  the  buds  of  the 
primary  branches  beginning  to  grow  out.     11  to  12  p.  m.     X375- 

G-O. — Conidiophores  showing  later  stages  in  the  development  of  the  branch  system. 
11  p.  m.  to  12.30  a.  m.     X375. 

P. — Conidiophore  of  Sclerospora  philippinensis  at  approximately  the  same  stage  of 
development  as  the  Sclerospora  spontanea  conidiophore  (O).  Note  that  the  basal  cell 
is  shorter  and  is  cut  off  by  a  cross  wall  at  a  relatively  earlier  age.     12.30  a.  m.     X375. 

Q. — Conidiophore  showing  conidia  budding  out  from  the  sterigmata  tips.  Attempt 
has  been  made  to  show  the  contrast  between  the  finely  granular  content  of  the  sterig- 
mata and  the  young  conidia  to  the  dense,  coarse  protoplasm  of  the  main  axes  and 
branches.  This  conidiophore  arose  from  the  group  of  young  knoblike  outgrowths 
shown  in  Plate  7,  F.     2.30  a.  m.     X375. 

R,  S. — Later  stages  in  the  development  of  the  conidia.     2  to  3  a.  m.     X375. 

1  The  drawings  were  made  with  the  aid  of  a  camera  lucida  from  material  which  was  scraped  in  dew  from 
infected  leaves  at  the  time  of  maximum  conidiophore  production,  immediately  killed  and  fixed  with  osmic 
acid,  stained,  and  mounted.  The  figures,  with  the  exception  of  C,  D,  and  P,  show  successive  stages  in  the 
development  of  Sclerospora  on  maize  (Guam  White  Dent)  which  had  been  inoculated  with  Sclerospora 
spontanea  taken  from  Sacckarum  sponianeum.  Figures  C,  D,  and  P  are  of  Sclerospora  philippinensis  for 
comparison. 
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PLATE  91 

A-K. — Successive  stages  in  the  development  of  the  conidia  of  Sclerospora  spontanea 
from  the  tips  of  the  sterigmata.  Material  found  on  maize  (Guam  White  Flint).  2  to 
3  a.  m.  Xiooo.  A-H. — The  conidium  enlarges  gradually  as  more  and  more  proto- 
plasm flows  into  it  from  the  sterigma.  I. — At  the  junction  of  the  sterigma  tip  and 
base  of  the  conidium  a  hyaline  zone  is  differentiated.  J. — In  this  zone  a  wall  is 
formed  across  the  papilla  of  attachment  of  the  conidium  and  likewise  one  across  the 
tip  of  the  sterigma.  K. — Both  walls  are  bulged  outward  increasingly  by  the  turgid- 
ity  of  the  contents. 

L. — Conidium  of  5.  spontanea  which  apparently  has  been  broken  off  prematurely 
from  the  sterigma.     Note  the  basal  papilla.     2.30  a.  m.  X  1,000. 

M. — Sterigma  from  which  the  conidium  has  been  broken  off  prematurely.  Most 
of  the  sterigmata  on  this  conidiophore  still  retained  their  conidia  in  situ  in  the  condi- 
tion shown  at  J.     Compare  with  P  and  Q.     2.30  a.  m.  Xi.ooo. 

N. — Conidium  of  5.  spontanea  which,  even  after  germinating,  still  indicates  by  the 
character  of  its  papilla  that  it  was  broken  off.     2.30  a.  m.     X  1,000. 

O. — Conidium  of  S.  spontanea  that  in  the  normal  fashion  has  been  thrown  off  from 
the  sterigma.     Note  the  bulged  out  papilla  of  attachment.     2.30  a.  m.     X  1,000. 

P. — Sterigmata  of  5.  spontanea  from  which  the  conidia  recently  have  been  thrown 
off.  Note  the  characteristic  shape  of  the  bulged-out  apices.  The  content  has  begun 
to  show  signs  of  disintegration.     2.30a.m.     X  1,000. 

Q. — Sterigmata  of  5.  spontanea.  The  characteristic  shape  of  the  tip  is  unchanged 
even  in  sterigmata  of  widely  different  sizes  and  shapes.     2.30  a.  m.     X  1,000. 

R. — Sterigmata  of  5.  spontanea  long  after  conidium  discharge.  The  content  is 
disintegrating  and  the  walls  have  begun  to  collapse,  a  condition  characteristic  of 
conidiophores  like  that  shown  in  Plate  10,  D.     4  a.  m.     X  1,000. 

S. — Shriveled  sterigmata  with  disintegrated  content,  such  as  are  found  on  the 
dried-up  conidiophore  of  S.  spontanea  shown  in  Plate  10,  E.     3  p.  m.     X  1,000. 

T. — Conidium  of  5.  philippinensis  that  in  normal  fashion  has  been  thrown  off 
from  the  sterigmata.  Note  the  bulged  basal  papilla.  Material  taken  from  maize 
(Barbados  Yellow  Flint).     2.30  a.m.     Xi.ooo. 

U,  V. — Sterigmata  of  5.  philippinensis  from  which  the  conidia  have  been  thrown 
off.  Note  that  the  characteristic  shape  of  the  bulged  tip  is  unaltered  in  sterigmata 
of  different  sizes.     The  same  material  as  T.     2.30  a.  m.     X  1,000. 

W. — Sterigmata  of  5.  philippinensis  from  one  of  which  the  conidium  has  already 
been  thrown  off,  while  on  the  other  the  mature  conidium  is  still  retained  in  place. 
The  same  material  as  T.     2.30  a.  m.     X  1,000. 

1  The  drawings  were  made  with  the  aid  of  a  camera  lucida  from  material  which  was  scraped  in  dew 
from  infected  leaves  at  the  time  of  maximum  conidiophore  production,  immediately  killed  and  fixed  with 
osmic  acid,  stained  and  mounted. 
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PLATE   10 ' 

A. — Conidiophore  and  maturing  conidia  of  Sclerospora  spontanea  on  maize  (Guam 
White  Flint).  Note  the  truncate  apices  of  the  sterigmata  at  a  from  which  the  conidia 
have  been  broken  off  prematurely.     2  a.  m.     X375. 

B. — Similar  conidiophore  from  which  the  conidia  recently  have  been  thrown  off. 
Note  that  the  apices  of  the  sterigmata  from  which  the  conidia  have  been  thrown  are 
bulged  out.  Now  that  it  has  functioned  the  content  of  the  conidiophore  begins  to 
disintegrate.    3  a.  m.     X375. 

C. — Similar  conidiophore  at  a  later  stage;  the  sterigmata  are  little  altered  but  the 
main  axis  is  losing  its  turgidity  and  becoming  shrunken.     4  a.  m.     X375- 

D. — Similar  conidiophore  still  later.  The  sterigmata  and  branches  have  shrunk 
together  and  the  main  axis  is  shriveling.     5  a.  m.     X375. 

E. — Similar  conidiophore  after  being  dried  on  the  leaf  during  the  day  to  a  wrinkled 
mummy  that  is  hardly  recognizable  as  the  remains  of  the  vigorous  structure  of  the 
preceding  night.    3  p.m.     X.375- 

F. — Conidiophore  of  S1.  philippinensis  on  maize  (Barbados  Yellow  Flint)  which 
shows  an  unusual  formation  of  hyphae  similar  to  germ  tubes  from  sterigmata  that 
had  just  begun  to  bud  out  conidia.  Apparently  the  conidiophore,  having  inherent 
in  its  protoplasm  potentialities  for  hyphal  germination,  has  for  some  reason  behaved 
as  a  multiple  conidium.     2.30  a.  m.     X375. 

G. — Group  of  S.  philippinensis  conidiophores  views  obliquely  from  above,  com- 
prising a  relatively  large  number  of  young  stages  and  completely  covering  the  stoma; 
from  maize  (Barbados  Yellow  Flint)  at  2  a.  m.     X375. 

H. — Similar  group  of  conidiophores,  one  maturing  conidia,  and  the  others  in  various 
earlier  stages  of  development,  teased  out  from  the  surrounding  tissue  of  a  leaf  section 
of  maize  (Barbados  Yellow  Flint)  at  2  a.  m.     X375- 

I. — Similar  group  of  conidiophores,  comprising  three  club-shaped  conidiophore 
initials  and  one  shriveled  vestige  of  a  conidiophore  produced  probably  on  some 
previous  night,  teased  out  from  the  stoma  of  maize  (Barbados  Yellow  Flint)  at  2.30 
a.  m.     X375- 

J. — Unusual  basal  cell  of  forked  structure  serving  as  the  base  for  two  S.  spontanea 
conidiophores  from  maize  (Guam  White  Flint).     2.30  a.  m.     X375. 

1  The  drawings  were  made  with  the  aid  of  a  camera  lucida  from  material  which  was  scraped  in  dew  from 
infected  leaves  at  the  time  of  maximum  conidiophore  production,  immediately  killed  and  fixed  with 
osmic  acid,  stained,  and  mounted. 


MECHANICS  OF  INOCULATION  WITH  SUGAR-CANE 
MOSAIC  BY  INSECT  VECTORS  » 

By  E.  W.  Brandes 

Pathologist,  Office  of  Sugar-Plant  Investigations,  Bureau  of  Plant  Industry, 
United  States  Department  of  Agriculture 

INTRODUCTION 

It  has  been  demonstrated  with  practical  certainty  that  the  only 
method  for  natural  spread  of  sugar-cane  or  grass  mosaic  is  through  the 
agency  of  insects,  acting  as  simple  vectors  or  possibly  as  intermediate 
hosts. 

It  was  established  by  the  writer  (i)  2  that  Aphis  maidis  is  able  to 
transmit  this  disease.  A  considerable  amount  of  confirmation  of  this 
result  has  now  accumulated  and  notwithstanding  some  early  skepticism 
it  appears  to  be  generally  accepted.  The  mere  fact  of  its  ability  to 
function  as  a  vector,  however,  has  been  regarded  by  several  investigators 
as  of  no  great  practical  significance  on  account  of  the  supposed  scarcity 
of  the  insect  on  sugar  cane.  It  was  even  suggested  that  A .  maidis  never 
occurred  on  sugar  cane  and  that  when  colonized  on  cane  plants  the 
insects  would  die.  On  the  contrary,  other  investigators  have  suggested 
that  A.  maidis  is  responsible  for  much  of  the  natural  transmission  of 
mosaic  in  commercial  plantings  of  sugar  cane.  In  view  of  these  diver- 
gent opinions,  a  review  of  experimental  work  on  this  subject  is  desirable. 

REVIEW  OF  EVIDENCE  ON   INSECT  TRANSMISSION 

Taking  up  the  published  work  in  chronological  order,  Brandes  (i) 
announced  that  Aphis  maidis  is  able  to  transmit  the  disease  to  healthy 
plants  after  a  previous  feeding  on  diseased  plants.  It  was  stated  in 
this  paper  that  all  species  of  insects  used  in  the  experiments  were  known 
to  feed  on  sugar  cane  and  that  A.  maidis  in  particular  had  been  reported 
on  sugar  cane  from  practically  all  sugar-cane  countries.  Thus  it  was 
assumed  that  a  certain  amount  of  natural  transmission  in  the  field  is 
traceable  to  this  insect.  The  belief  was  expressed,  however,  that 
natural  transmission  is  not  restricted  to  A .  maidis. 

Smythe  (8,  9)  carried  on  a  large  number  of  experiments  on  insect 
transmission  of  mosaic  at  the  Insular  Experiment  Station  at  Rio  Piedras, 
Porto  Rico.  He  reports  successful  transmission  with  a  variety  of  insects. 
His  results,  however,  are  not  convincing.  The  small  number  of  experi- 
ments which  he  reports  as  successful  are  questionable,  since  in  some 
cases  his  test  plants  were  transplanted  to  an  open  field  and  left  for  a 
period  greater  than  the  minimum  incubation  period  for  mosaic  before 
showing  symptoms. 

Tower  (10),  also  working  in  Porto  Rico,  got  only  negative  results 
from  experiments  in  which  he  used  sucking  and  chewing  insects. 

1  Accepted  for  publication  Nov.  17,  1922. 
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Ledeboer  (<5),  in  Java,  announced  that  he  had  obtained  results  which 
indicated  that  Aphis  sacchari  as  well  as  A.  maidis  could  transmit  the 
disease.  In  a  later  publication  (7)  he  states  that  while  his  experiments 
with  A.  maidis  had  confirmed  the  work  of  Brandes  (j),  his  preliminary 
experiments  with  A.  sacchari  were  not  now  considered  conclusive.  He 
made  the  observation  in  this  paper  that  A.  maidis  was  noticed  to  be 
very  abundant  on  Panicum  colonum.  and  Paspalum  sanguinale  in  the 
sugar-cane  fields  and  that  the  winged  forms  occasionally  flew  from  these 
grasses  to  the  sugar  cane.  He  states  further  that  these  grasses  are 
subject  to  the  cane  mosaic. 

Bruner  (2)  published  the  results  of  careful  experiments  with  a  great 
variety  of  cane  insects  conducted  at  Santiago  de  las  Vegas,  Cuba.  Aphis 
maidis  alone  was  able  to  serve  as  a  vector  of  mosaic.  He  states,  how- 
ever, that  this  insect  does  not  attack  sugar  cane  under  field  conditions 
and  therefore  can  not  be  held  responsible  for  dissemination  of  the  disease 
in  nature. 

Wolcott  (11),  who  studied  insects  in  relation  to  this  disease  in  Porto 
Rico,  states  in  reference  to  Aphis  maidis: 

The  Corn  aphis  has  not  been  found  on  cane  in  Porto  Rico.  It  can  not  in  any  way- 
be  considered  responsible  for  the  transmission  of  mosaic  disease  of  sugar  cane  under 
field  conditions  in  Porto  Rico. 

In  another  publication  (12)  he  says: 

.  .  .  Mr.  Smythe  was  unable  to  keep  it  [Aphis  maidis]  alive  on  sugar  cane  in  Porto 
Rico.  The  experimental  transmission  by  an  insect  which  will  live  on  sugar  cane 
only  undar  abnormal  conditions  [referring  to  the  experiments  of  Brandes]  proves 
nothing  as  to  the  insect  responsible  for  transmission  in  the  field,  except  to  indicate 
the  place  on  the  cane  plant  where  the  insect  must  feed  to  cause  the  disease. 

Kunkel  (5),  in  Hawaii,  performed  careful  experiments  in  which  he 
confirmed  the  ability  of  Aphis  maidis  to  transmit  the  disease,  but  was 
unable  to  demonstrate  this  ability  on  the  part  of  A.  sacchari.  He  also 
proves  convincingly  that  the  corn  leafhopper  (Peregrinus  maidis)  is  able 
to  transmit  the  disease  from  corn  to  corn  but,  strangely  enough,  not  to 
sugar  cane.  Kunkel  makes  the  important  observation  that  a  rapid 
spread  of  mosaic  in  sugar  cane  followed  the  weeding  of  a  field.  In  the 
case  cited,  the  field  was  infested  with  goose  grass  (Eleusine  indica), 
some  of  which  had  the  mosaic.  A.  maidis  was  abundant  on  the  goose 
grass  previous  to  weeding,  and  probably  migrated  to  the  cane  at  that 
time. 

Chardon  and  Veve  (4)  conducted  experiments  in  Porto  Rico  in  which 
mosaic  and  healthy  sugar-cane  plants  in  a  field  were  covered  with  cheese 
cloth,  and  A.  maidis  was  introduced  into  the  cage  thus  formed.  The 
insects  colonized  on  various  grasses,  including  Eleusine  indica,  Echino- 
chloa  colona,  and  Panicum  barbinode,  which  were  growing  as  weeds  in  the 
cage.  The  weeds  were  then  cut  down  and  the  aphids  were  observed  to 
migrate  to  the  cane.  About  65  per  cent  of  the  healthy  plants  in  this 
cage  became  mosaic  during  a  period  of  66  days,  the  first  case  appearing 
14  days  after  the  migration.  In  a  second  similar  cage,  into  which  no 
specimens  of  A.  maidis  were  introduced,  no  cases  appeared  among  the 
healthy  plants.  A  somewhat  similar  experiment  with  a  different  species 
of  plant  louse  (Carolinaia  sp.)  which  occurs  on  the  sedge,  Cyperus 
rotundus,  was  reported  in  the  same  paper.  Four  out  of  six  plants  in  the 
experiment  became  mosaic,  but  since  no  control  plants  appear  to  have 
been  used  it  needs  repetition  under  better  controlled  conditions. 
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A  study  of  these  results  seems  to  afford  abundant  confirmation  of  the 
fundamental  fact  involved — namely,  that  A.  maidis  acts  as  a  vector  of 
sugar  cane  or,  more  properly,  grass  mosaic.  Experiments  with  positive 
and  convincing  results  have  been  performed  in  the  United  States,  Java, 
Cuba,  Hawaii,  and  Porto  Rico.  The  fact  also  appears  to  be  established 
that  while  A.  maidis  prefers  other  grasses  to  cane  as  a  source  of  food,  it 
frequently  migrates  to  the  cane  in  large  numbers.  Weeding  of  a  cane 
field  is  evidently  a  prime  factor  in  bringing  about  this  result,  but  the 
present  writer  has  observed  infestation  of  sugar  cane  by  A.  maidis  in 
Florida  in  fields  which  are  never  weeded.  The  conclusions  of  investi- 
gators who  disclaim  that  any  practical  importance  attaches  to  this 
insect  as  a  vector  of  mosaic  is  based  on  negative  evidence,  and  therefore 
can  not  be  held  to  controvert  these  facts  in  any  way.  Evidence  has  been 
adduced  indicating  that  two  other  insects,  Peregrinus  maidis  and  Carolinaia 
sp.,  may  transmit  the  disease. 

MECHANICS  OF  INOCULATION 

In  an  endeavor  to  gain  some  insight  into  the  method  by  which  insect 
vectors  inoculate  plants  with  sugar-cane  mosaic,  a  number  of  individuals 
of  several  species  of  sucking  insects  were  killed  in  situ,  embedded  in 
paraffin,  sectioned  and  stained.  The  insects  used  were  Aphis  maidis, 
the  known  vector  of  mosaic;  Peregrinus  maidis,  the  corn  leafhopper  re- 
ported by  Kunkel  (5)  to  transmit  mosaic  from  corn  to  corn ;  and  Draecu- 
lacephala  mollipes,  the  large  leafhopper  which  is  so  abundant  on  cane  in 
this  country,  but  which  has  failed  to  transmit  the  disease  in  repeated 
experiments.  The  latter  insect  was  examined  for  comparative  pur- 
poses, to  determine  if  possible  whether  structural  or  functional  feeding 
phenomena  might  inhibit  its  ability  to  transmit  the  disease. 

It  was  found  that  various  methods  had  to  be  devised  for  killing  the 
various  insects  in  the  feeding  posture  and  holding  them  so  during  all 
the  steps  of  fixing,  dehydrating,  infiltrating,  and  embedding.  With 
Aphis  maidis  the  process  was  found  to  be  comparatively  simple.  A 
young  leaf  of  corn  with  a  quiet  feeding  colony  was  clipped  from  the  plant 
and  thrust  into  nearly  boiling  Carnoy's  fluid.  The  insects  were  appa- 
rently killed  almost  instantly,  before  they  could  withdraw  their  setae, 
and  it  was  only  necessary  to  transfer  the  pieces  of  leaf  with  attached 
insects  through  the  succeeding  reagents  with  utmost  care  in  order  to 
prevent  agitation  of  the  liquids  and  consequent  dislodging  of  the  insects. 
In  the  case  of  Peregrinus  maidis,  a  colony  of  adults  and  nymphs  on  a 
corn  leaf  was  cooled  for  20  minutes  at  a  temperature  of  210  F.,  and 
when  the  insects  were  rendered  inactive  by  cold  the  leaf  was  plunged 
into  the  hot  Carnoy's  fluid.  A  large  percentage  of  these  insects  floated 
off  but  some  remained  attached.  Specimens  of  Draeculacephala  mollipes, 
comparatively  large  and  heavy  as  well  as  active  leafhoppers,  were 
handled  individually  in  small,  moist  chambers  to  the  inside  wall  of  which 
a  piece  of  corn  leaf  had  been  pressed  and  held  in  a  vertical  position  by 
means  of  gum  arabic.  The  insect  was  gradually  rendered  inactive  by 
cold  while  feeding,  then  suddenly  pressed  against  the  stationary  leaf 
with  the  index  finger  and  at  the  same  instant  covered  with  Carnoy's 
fluid  as  hot  as  could  be  borne  by  the  finger.  Since  these  insects  possess 
very  large  and  thick  feeding  setae,  as  compared  with  aphids,  and  there- 
fore do  not  thrust  the  setae  into  the  tissues  to  a  great  depth  compared 
to  the  diameter  of  setae  and  weight  of  the  insect,  as  in  the  case  of  the 
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aphids,  it  is  readily  seen  that  their  position  on  the  leaf  after  being  killed 
is  relatively  insecure.  They  must  be  fastened  in  some  way,  and  this 
was  accomplished  by  using  small  drops  of  collodion  as  a  cement  to 
hold  the  feet  in  position.  Since  this  material  is  soluble  in  absolute 
alcohol  it  was  replaced  with  cellulose  acetate  when  the  insects  were 
transferred  to  this  reagent.  The  cellulose  acetate,  being  soluble  in 
chloroform,  could  not  be  used  during  fixing  in  Carnoy's  fluid  following 
killing.  Sections  io/x  and  12 ,u  in  thickness  were  obtained  and  were 
stained  with  safranin  and  gentian  violet. 

It  was  demonstrated  that  with  Aphis  maidis  the  beak  is  usually  placed 
on  the  cuticle  covering  a  stomate  guard  cell  at  the  point  where  the  cuticle 
is  thinnest  (PI.  1,  A)  and  the  setae  thrust  into  the  latter  by  pressure. 
During  this  process  a  copious  secretion  is  excreted  at  the  end  of  the  setae 
from  the  salivary  glands.  The  secretion  is  colored  brilliant  red  by  the 
safranin.  This  secretion  continues  to  pour  from  the  tip  of  the  setae  as 
the  latter  passes  into  the  deeper  tissues,  and  forms  the  sheath  described 
for  other  aphids  by  Biisgen  (j)  in  his  work  on  honey  dew.  Typically,  the 
setae  of  A.  maidis  pass  through  the  sub-stomatal  cavity,  then  through 
the  mesophyl  cells  either  intercellularly  or  intracellulary,  continuing 
between  two  cells  of  the  starch  sheath  and  finally  into  the  phloem  of  the 
vascular  bundle.  (PI.  1,  B.)  If  the  ligmified  secondary  thickening  of 
the  xylem  elements  are  encountered,  they  get  no  farther  in  this  direction. 
(PI.  1,  C,  D.)  In  one  section  (PI.  2,  C)  the  preference  of  this  insect  for 
phloem  is  well  illustrated,  since  an  exploratory  puncture  leading  to  the 
xylem  elements  of  the  bundle  is  indicated  by  the  empty  sheath,  while 
the  setae  which  were  partly  withdrawn  and  again  pushed  forward  are 
shown  leading  around  the  xylem  and  turning  in  the  direction  of  the 
phloem.  During  the  whole  process  the  copious  secretion  from  the  inseat 
pours  into  the  practically  uninjured  and  rapidly  growing  tissues  of  the 
leaf.  The  fact  that  it  leads  to  the  phloem  cells,  rich  in  substances  of 
known  nutritive  value  for  microorganisms,  seems  especially  significant. 
In  all  three  sections  of  the  series  illustrated  in  Plate  2  the  unusual  amount 
of  salivary  secretion  is  clearly  shown.  It  appears  to  the  writer  that  this 
secretion  is  unquestionably  the  medium  by  which  the  infective  principle 
of  mosaic  is  carried  into  the  plant.  A  more  perfect  mechanism  for 
inoculation  could  scarcely  be  devised.  There  is  no  apparent  wound 
reaction  on  the  part  of  the  plant;  none  could  be  seen  in  the  phloem  at  any 
rate,  and  certainly  none  is  apparent  from  the  outside.  Reaction  to  the 
virus  itself  does  not  cause  great  structural  changes,  as  is  well  known. 
This  phenomenon  meets  the  requirements  for  successful  inoculation  in 
this  disease  in  a  peculiarly  fitting  way.  It  has  been  found  that  a  definite, 
measurable  quantity  of  "virus"  is  necessary.  This  would  eliminate 
from  consideration  as  an  explanation  the  carrying  into  the  plant  of  the 
scanty  amount  of  virulent  material  adhering  to  the  minute  mouth  parts. 
It  is  necessary  to  introduce  the  virus  into  rapidly  growing  tissues  in  the 
interior  of  the  plant.  Even  in  the  much  more  easily  communicated 
tobacco  mosaic,  a  wound  such  as  the  crushing  of  trichomes  seems  neces- 
sary. Thus  the  anal  secretion  or  honey  dew  falling  on  the  normally 
unwounded  surface  leaves  much  to  be  desired  as  an  explanation  of  the 
infection  process.  Aside,  then,  from  the  perfect  adaptation  of  the  setae 
to  the  requirements  for  successful  inoculation,  the  phenomenon  herein 
illustrated  is  the  most  likely  explanation  of  the  transfer  of  mosaic. 


Jan.  27, 1923  Inoculation  Mechanics  with  Mosaic  by  Insect  Vectors         283 

Sections  of  the  leafhoppers,  Peregrinus  maidis  and  Draeculacephala 
mollipes,  do  not  indicate  that  the  phloem  is  especially  sought  during 
feeding.  The  evidence  points  more  to  the  tracheae  as  the  object  of 
attack,  but  in  the  case  of  D.  mollipes  it  is  impossible  to  determine  this 
point,  since  the  relatively  enormous  setae  are  as  great  in  diameter  as  the 
entire  vascular  bundles  found  in  the  young  leaves  where  they  prefer  to 
feed.  Nothing  definite  can  be  stated  in  regard  to  the  feeding  phenomena 
of  D.  mollipes  which  would  exclude  it  as  a  possible  carrier.  All  cells  in 
the  path  of  the  setae,  however,  are  crushed  or  engulfed  in  their  entirety. 
There  is  some  evidence  of  salivary  excretion  even  in  this  large  leafhopper, 
since  a  few  traces  of  the  brilliant  red  can  be  seen  along  the  course  of  the 
puncture,  but  no  definite  sheath  could  be  demonstrated.  It  would  appear 
quite  possible  for  this  insect  to  penetrate  to  the  vascular  bundles  by 
mechanical  pressure  alone  instead  of  by  the  digesting  or  dissolving  action 
of  saliva  which  is  quite  necessary  to  account  for  the  penetration  of  setae 
in  the  case  of  Aphis  maidis. 

These  studies  are  being  continued  with  virulent  as  well  as  nonvirulent 
aphids  in  parallel  series  in  the  hope  that  more  light  may  be  thrown  on 
this  problem  and  also  on  the  etiology  of  the  disease. 
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PLATE  i 


A.— Setae  of  Aphis  maidis  penetrating  a  young  corn  leaf.  The  black  arrow  points 
to  the  thin  spot  in  the  cuticular  covering  of  a  stomate  guard  cell  where  the  setae 
entered. 

B.— Continuation  of  the  same  setae  shown  in  A.  The  white  arrow  points  to  the 
tip  of  setae  lying  in  the  phloem.     This  is  the  typical  condition. 

C. — Setae  entering  between  epidermal  cells. 

D. — Same  setae  shown  in  C.     The  setae  bundle  has  encountered  a  xylem  element. 

(284) 
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PLATE  2 

A. — Setae  of  Aphis  maidis  penetrating  the  epidermis  of  young  corn  leaf. 

B. — Same  serae  shown  in  A.     This  illustrates  the  copious  salivary  secretion. 

C. — Same  setae  shown  in  A  and  B.  An  exploratory  puncture  to  the  xyleih  is 
indicated  by  the  saliva  sheath  at  the  left.  The  setae  bundle  was  withdrawn  part  way 
and  again  advanced  toward  the  phloem. 


RELATION  OF  POTATO  SKINSPOT  TO  POWDERY  SCAB1 

By  Michael  Shapovalov 

Pathologist,  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations,  Bureau  of  Plant 
Industry,  United  States  Department  of  Agriculture 

INTRODUCTION 

The  skinspot  of  the  Irish  potato  tuber  was  first  discovered,  described, 
and  named  in  England.  It  is  said  to  be  of  considerable  importance  on  seed 
potatoes,  as  the  eyes  may  be  injured  and  even  killed  by  the  causal  organ- 
ism, and  this  obviously  would  result  in  uneven  stands  and  reduced  yields. 
The  same  disease  has  been  reported  from  Canada,  and  an  apparently  iden- 
tical trouble  has  been  described  in  Germany.  It  has  also  been  noted 
on  some  shipments  of  Danish  potatoes  consigned  to  New  York.  Its 
presence  in  the  United  States  was  unknown  until  some  wart-resistant 
varieties  were  imported  from  England  and  planted  in  the  wart  region 
of  Pennsylvania.  The  progeny  of  these  varieties  showed  a  small  per- 
centage of  skinspot.  Further  influx  of  infected  material  to  this  country 
is  very  likely  to  occur  as  long  as  the  importation  of  foreign  potatoes 
continues.  It  is  therefore  important  to  ascertain  the  nature  of  this 
disease  and  the  possibilities  of  its  spread  in  the  United  States. 

SYMPTOMS  AND  ALLEGED  CAUSES  OF  SKINSPOT 

Owen  (7)  2  stated  very  correctly  that  the  external  characters  of  skin- 
spot are  so  distinctive  that  there  is  not  much  likelihood  of  confusing 
it  with  other  spots.  The  appearance  of  the  disease  may  be  briefly  de- 
scribed as  follows:  Round,  raised,  closed  pustules  frequently  with  a 
depressed  border,  single  or  in  aggregates  of  varied  configuration  (PI. 
1,  2);  dark  brown  or  bluish  brown  outside  and  olive  brown  to  brown 
inside.  If  the  skin  of  the  tuber  is  thick  and  rough,  whether  naturally 
or  through  the  action  of  fungi  or  other  causes,  the  spots  are  usually 
larger  in  diameter.  Occasionally  the  pustules  are  lenticular  or  irregular 
in  shape.  Often  the  potato  skin  is  attacked  by  Spondylocladium  atro- 
virens,  which  gives  it  a  glistening  silvery  appearance;  but  this  is  not 
characteristic  of  skinspot.  In  some  cases  the  spots  are  not  convex 
but  are  flat  and  only  slightly  raised  and  of  considerably  larger  dimen- 
sions (PI.  1,  B).  The  disease  is  so  typical  and  peculiar  that  no  difficulty 
has  been  experienced  by  workers  in  recognizing  it  either  on  specimens 
or  on  photographs.  The  nature  of  the  trouble,  on  the  other  hand,  is 
less  obvious,  and  the  opinions  of  various  investigators  on  this  point  are 
greatly  at  variance. 

Carruthers  (z)  was  the  first  to  record  what  has  been  assumed  to  be, 
and  presumably  is,  this  disease.  He  found  an  abundance  of  fine  myce- 
lium in  dead  cells  of  the  pustules  but  did  not  identify  the  fungus.  How- 
ever, his  drawing  of  a  diseased  tuber  covered  with  open  pustules  is 
very  suggestive  of  powdery  scab.  No  inoculation  experiments  are  re- 
ported. 

1  Accepted  for  publication  May  10,  1922. 

1  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  294. 
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Pethybridge  (8)  observed  the  disease  in  Ireland  and  gave  it  the  name 
of  skinspot.  Exposed  cut  surfaces  of  the  pustules,  when  subjected  to  a 
moist  atmosphere,  produced  a  strong  growth  of  a  fungus  identified  as 
Spicaria  solani  Hart.     He  states  that — 

no  cultures  or  infection  experiments  have  been  made  in  connection  with  this  "skin- 
spot"  and,  therefore,  it  can  only  provisionally  be  regarded  as  caused  by  Spicaria. 

Milburn  and  Bessey  (5,  p.  90-91)  attributed  an  apparently  identical  dis- 
ease which  they  called  "blotches"  or  "pimples"  to  an  organism  referred 
to  by  them  as  Spicaria  nivea.  They  obtained  this  fungus  in  every  cul- 
ture made  by  planting  the  inside  of  the  pimples  but  failed  to  reproduce 
the  disease  by  inoculation  of  healthy  tubers  with  it. 

A  few  years  later  Giissow  (2),  who  previously  worked  with  Carruthers, 
discarded  the  fungus  theory  of  skinspot  altogether  and  attributed  it  to 
unfavorable  storage  conditions  which  interfere  with  normal  respiration 
of  the  resting  tubers  and  result  in  the  production  of  the  symptoms  of 
skinspot.  He  drew  his  conclusion  solely  from  the  observation  that  this 
trouble  invariably  occurred  in  badly  ventilated  storage  cellars  but  reports 
no  experimental  work  along  this  line. 

About  the  same  time  O'Brien  (6),  describing  Rhizoctonia  injuries  to 
potatoes  in  Scotland,  included  in  his  illustrations  a  photograph  (6,  PL  V) 
which  in  all  its  characteristic  features  may  be  regarded  as  representative 
of  skinspot.  The  author,  however,  uses  it  as  an  illustration  of  an  injury 
caused  by  Rhizoctonia  croconim  (Pers.)  DC.  and  states  in  the  text : 

If  such  an  affected  tuber  be  moistened  with  water,  numerous  small  blackish  areas 
can  generally  be  seen  immediately  below  the  surface  which  cause  the  skin  of  the 
potato  to  be  elevated  at  such  points.     These  areas  are  sclerotia. 

Apparently  without  any  connection  with  the  English  work  on  skin- 
spot, Wollenweber  (10)  recently  published  in  Germany  a  pamphlet  on 
potato  scab  in  which  he  describes  a  disease  named  by  him  "pustelfaule" 
and  illustrates  it  with  a  photograph  of  the  affected  potato  tuber  which 
leaves  no  doubt  as  to  the  identity  of  this  trouble  with  the  English  skin- 
spot. This  "pustelfaule,"  according  to  Wollenweber,  is  caused  by 
Phoma  eupyrena  Sacc.  He  observed  the  mycelium  of  this  fungus  in  the 
diseased  tissues  and  obtained  the  organism  in  the  majority  of  his  isolation 
cultures.  Further,  upon  inoculation  of  healthy  tubers  in  needle  pricks 
he  produced  "similar  spots."  He  states  very  clearly  that  Spongospora 
was  altogether  absent  in  the  diseased  tissues. 

The  most  extensive  and  quite  recent  study  of  skinspot  was  made  by 
Owen  (7).  While  using  for  the  isolation  work  only  those  spots  which 
had  the  skin  unbroken,  the  author  obtained  in  every  culture  a  similar 
fungus  which  is  described  and  named  Oospora  pustulans.  In  sections  of 
the  spots,  the  fine  mycelium  of  this  fungus,  it  is  said,  is  plainly  seen 
among  the  dead  cells  of  the  potato  tissue.  The  hyphae  are  very  numer- 
ous and  for  the  most  part  hyaline  early  in  April,  when  the  fungus  appears 
to  be  most  vigorous,  but  later  in  the  season  they  are  very  few  and  mostly 
brown.  Skinspot,  according  to  Owen,  is  a  disease  which  develops  in  stor- 
age and  is  not  usually  visible  until  the  early  spring. 

In  concluding  this  bibliographical  review  it  may  be  of  interest  to  men- 
tion that  the  same  disease  has  been  locally  known  in  British  Columbia 
as  pit  Fusarium.  The  name  itself  explains  its  raison  d'etre — the  disease 
is  commonly  found  in  pits  and  is  believed  by  some  to  be  caused  by  a  species 
of  Fusarium,  presumably  Fusarium  radicicola.  This  erroneous  opinion 
was  based  on  a  certain  external  similarity  of  skinspot  pustules  with  some 
initial  stages  of  the  lenticel  infection  with  the  blackrot  fungus  as  figured 
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by  Pratt  (9,  PI.  34,  fig.  2-3),  and  also  the  occasional  presence  of  Fusa- 
rium  spp.  in  the  pustules. 

None  of  the  workers  mentioned  in  the  preceding  paragraphs  gave 
conclusive  proof  for  the  support  of  their  respective  opinions  as  to  the 
cause  of  skinspot.  Their  conclusions  were  based  mainly  on  the  presence  of 
fungus  hyphae  within  the  dead  cells  and  on  subsequent  cultures  of  the 
diseased  tissues.  The  predominant  organism  in  these  cultures  was 
assumed  to  be  the  cause  of  the  trouble.  According  to  the  work  of  Owen 
(7)  it  was  apparently  Oospora  pustulans  in  England,  while  according  to 
the  account  of  Wollenweber  (10),'  it  was  evidently  Phoma  eupyrena  in 
Germany.  Giissow  (2)  and  O'Brien  (6)  report  no  experimental  work 
whatever.  Carruthers  (1)  and  Pethybridge  (8)  confined  themselves  to 
microscopic  observations  only.  Milburn  and  Bessey  (5)  made  inocula- 
tions of  healthy  tubers  with  Spicaria  nivea  but  failed  to  reproduce  the 
disease.  Wollenweber  (10)  is  content  that  he  produced  "similar  spots" 
with  P.  eupyrena,  but  we  know  that  an  insertion  of  bits  of  mycelium  of 
almost  any  facultative  parasite  in  the  needle  pricks  of  tubers  may  result 
in  the  formation  of  brown  pimples,  externally  resembling  many  a  similar 
pathological  condition.  He  gives  no  photographs  and  no  description  of 
the  artificially  produced  Phoma  spots  by  which  others  could  judge  as  to 
the  extent  of  their  similarity  with  the  skinspot  pustules. 

Owen  (7)  conducted  a  series  of  experiments  both  in  the  laboratory  and 
in  the  field,  which  are  described  in  sufficient  detail.  The  results,  however, 
were  either  entirely  negative  or  not  decisive.  Only  in  one  experiment  a 
"small  number"  of  tubers  inoculated  in  the  field  developed  the  typical 
skinspot  after  they  were  stored  in  a  cellar  from  lifting  time  until  April. 
It  should  be  noted  that  this  experiment  was  carried  on  in  unsterilized 
soil  in  the  field,  and  that — 

much  blight  was  present  and  a  large  number  of  the  tubers  had  to  be  discarded. 

It  is  not  at  all  impossible  that  the  latter  fact  may  account  for  the  absence 
of  spots  in  one  of  the  inoculated  varieties  and,  perhaps,  in  the  controls 
as  well.  On  the  other  hand,  the  presence  of  "a  few  positive  results" 
which  became  evident  only  in  April  after  several  months  of  storage  in  a 
cellar  can  hardly  be  regarded  as  proof  that  this  small  subsequent  develop- 
ment was  actually  due  to  the  artificial  inoculation  in  July  of  the  preceding 
year.  The  possibility  of  contamination  either  in  the  field  during  the 
growing  period  or  later  in  storage  is  not  at  all  excluded.  It  is  not  sur- 
prising, therefore,  that  the  author  arrives  at  the  conslusion  that — 

it  will  be  necessary  to  wait  another  season  before  the  results  can  be  confirmed  or 
amplified. 

As  yet,  no  further  reports  have  been  issued  and  the  work,  apparently, 
has  been  discontinued,  at  least  temporarily. 

TRUE  NATURE  OF  SKINSPOT 

While  all  the  alleged  causes  of  the  skinspot  disease  lack  convincing 
proof,  a  comparative  examination  of  a  large  number  of  the  affected  tubers 
cannot  fail  to  disclose  a  great  similarity  of  these  spots  to  the  closed- 
pustule  stage  of  powdery  scab.  The  filamentous  fungi  invading  the 
tissues  of  the  pustules  unquestionably  complicate  the  conditions.  Yet, 
whatever  is  the  effect  of  this  subsequent  invasion,  there  is  sufficient 
evidence  that  the  original  cause  of  this  injury  is  the  same  as  in  powdery 
scab,  ascribed  to  Spongospora  subterranea  (Wallr.)  Johns.  This  evidence 
is  presented  hereunder. 
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MICROSCOPIC   CONDITIONS 

Kunkel  (j?)  has  observed  the  presence  of  the  Spongospora  plasmodia 
in  the  shrunken  areas  around  the  old  sori.  These  the  writer  has  not 
been  able  to  detect  in  his  sections  of  the  skinspot  pustules.  The  mature 
spore  balls,  naturally,  are  not  to  be  found  in  the  immature  sori.  Wol- 
lenweber  {id)  states  that  in  his  material  "Spongospora  was  absent  alto- 
gether." He  does  not  explain  what  particular  stage  of  Spongospora  was 
sought  in  the  "  pustelf aule "  spots  or  by  what  methods  its  absence  was 
ascertained.  The  difficulty  of  demonstrating  the  plasmodium  in  the 
pustules  of  skinspot  may  find  its  explanation  in  the  fact  that  at  certain 
stages  of  its  development  it  may,  apparently,  disappear  from  the  spaces 
it  has  formerly  occupied.  This  phenomenon  has  been  noted  by  Kunkel 
(5)  even  in  very  young  sori.     He  states : 

Just  beneath  the  epidermis  can  be  seen  the  dark  intercellular  spaces  which  were 
previously  occupied  by  the  infecting  plasmodium. 


Fig.  i. — Semidiagrammatic  drawing  of  a  section  through  a  typical  skinspot  pustule,  showing  the  tapering 
spread  of  the  infection  between  the  cells.  In  several  cases  the  infection  has  penetrated  into  the  cells. 
A  mass  of  broken-down  cell  walls  is  shown  in  the  center  of  the  spot.  Some  cells  are  slightly  enlarged. 
The  point  marked  by  the  arrow  is  probably  the  place  of  origin  of  infection.  No  hyphae  have  been 
observed  in  this  spot. 

(See  also  his  plates  XXXIX,  XLI,  and  XLII.)  Aside  from  this  the 
general  appearance  of  the  vertical  sections  through  the  raised  pimples  of 
skinspot  is  very  characteristic  of  the  condition  within  the  closed  sorus 
of  powdery  scab  (fig.  1).  The  center  is  usually  filled  with  a  disorganized 
mass  of  broken-down  cell  walls.  This  debris  is  surrounded  on  all  sides 
by  darkened  intercellular  spaces,  indicating  the  path  of  infection.  The 
infection  spreads  between  the  cells  in  the  form  of  characteristic  tapering 
projections.  Occasionally  a  portion  of  the  cell  wall  is  destroyed  and  the 
infection  extends  into  the  cell.  In  some  sections  hypertrophied  cells 
may  also  be  observed.  Fungus  hyphae  are  entirely  absent  in  a  certain 
number  of  the  pustules,  which  is  fully  in  accord  with  the  results  of  isola- 
tions (Table  1).  Such  spots  may  occasionally  yield  bacteria,  but  often 
when  transferred  to  plates  they  remain  sterile.  In  certain  other  spots 
the  mycelium,  although  present,  may  be  found  only  in  very  small 
quantity,  dissociated  from  the  apparent  course  of  infection  and  obviously 
out  of  proportion  to  the  area  presumably  killed  by  this  mycelium. 
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The  formation  of  new  cork  in  the  skinspot  pustules  on  the  border  line 
of  the  diseased  and  the  healthy  tissues  is  also  very  significant  and  con- 
tradictory to  the  supposed  progress  of  the  disease.  This  process  of  cork 
formation  is  not  invariably  associated  with  the  spots,  though  it  may  be 
seen  in  a  considerable  number  of  the  specimens.  Owen  (7)  gives  a  draw- 
ing of  a  section  through  a  pustule  of  skinspot  which  shows  distinct  layers 
of  new  cork  below  the  affected  areas.  Doubtless  this  phenomenon  signifies 
that  the  parasite,  after  killing  several  layers  of  cells  unhindered  in  its 
attack,  finally  ceased  its  activities,  after  which  the  host  tissues  erected  a 
barrier  between  the  dead  and  healthy  regions.  It  is  the  course  diamet- 
rically opposite  to  that  which  we  would  expect  in  Oospora  pustulans,  which 
is  said  to  be  invisible  at  lifting  time  but  develops  a  considerable  injury 
toward  spring,  or  about  the  month  of  April.  It  should,  therefore,  at 
this  time  of  the  year  be  in  its  most  active  stage  and  not  in  a  dormant  state. 
On  the  other  hand,  the  phenomenon  of  cork  formation  is  quite  in  harmony 
with  the  progress  of  powdery  scab.  The  active  parasitic  stage  of  the 
latter  develops  in  the  field  during  the  growing  period  of  the  tuber.  As  ob- 
served by  Kunkel  (j),  a  certain  degree  of  saprophytic  activity  of  the  fun- 
gus plasmodium  develops  in  storage.  This  secondary  infection  results  in 
dry-rot  areas  around  the  sori.  However,  it  is,  apparently,  very  slight 
with  some  spots  and  may  be  entirely  checked  with  others.  The  cicatri- 
sation in  such  cases  is  obvious. 

ABSENCE   OF   THE    SKINSPOT  FUNGUS 

During  the  years  of  1920  and  192 1  the  writer  had  an  opportunity  to 
examine  and  study  an  abundance  of  material  showing  skinspot  infection. 
This  material  was  secured  not  only  from  England  but  also  from  other 
countries.  It  is  believed,  therefore,  that  a  comparison  of  cultures  isolated 
from  this  material  will  be  of  special  value  and  interest.  The  various  sam- 
ples from  which  isolations  were  made  are  as  follows: 

1.  Several  tubers  from  British  Columbia,  crop  of  1919,  received  in 
spring  of  1920.  Pustules  only  slightly  raised  above  the  surface  of  the 
tuber. 

2.  Five  tubers  from  Dr.  A.  D.  Cotton,  England,  crop  of  19 19,  received 
in  spring  of  1920;  sent  upon  request  as  representative  samples  of  the 
skinspot  disease. 

3.  Several  lots  of  wart-resistant  varieties  shipped  from  England  for 
work  in  Pennsylvania,  crop  of  1919,  received  in  the  winter  of  1919-20. 
(PI.  1,  A  to  H,  and  PI.  2,  C  and  D,  show  some  of  these  tubers.) 

4.  Tubers  from  various  consignments  of  Danish  potatoes  received  at 
the  port  of  New  York,  crop  of  1919,  collected  in  early  spring  of  1920, 
(PI.  2,  B,  shows  one  of  these  tubers.) 

5.  A  sample  of  potatoes  from  New  Castle,  England,  secured  by  Federal 
Horticultural  Board  inspectors  in  the  spring  of  1920. 

6.  A  sample  of  potatoes  from  Edinburgh,  Scotland,  secured  by  Federal 
Horticultural  Board  inspectors  in  the  spring  of  1920. 

7.  A  sample  of  potatoes  from  Ireland,  secured  by  Federal  Horticultural 
Board  inspectors  in  the  spring  of  1920. 

8.  Two  samples  of  the  diseased  tubers  sent  by  Prof.  J.  W.  Eastham, 
British  Columbia,  crop  of  1920,  received  in  the  winter  of  1920-21. 

9.  A  number  of  tubers  from  the  progeny  of  the  infected  English  va- 
rieties (sample  No.  3)  planted  in  Pennsylvania  in  1920,  isolations  made  in 
the  spring  of  192 1. 
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10.  Tubers  showing  closed-pustule  stage  of  powdery  scab  collected  by 
the  writer  at  Vancouver,  B.  C,  in  the  fall  of  1920.  They  were  thoroughly 
washed  after  digging  and  stored  for  winter  in  a  laboratory  refrigerator. 
Isolations  were  made  in  March,  192 1.  (One  of  these  tubers  is  shown  in 
PI.  3,  A.  ) 

11.  Irish  Cobbler  tubers  from  Maine,  crop  of  1920,  showing  immature 
sori  of  powdery  scab.  Isolations  were  made  in  the  winter  of  1920-21. 
(One  of  these  tubers  is  shown  in  PI.  3,  B.) 

12.  The  same  material  as  in  the  preceding  sample,  but  isolations  were 
made  from  mature  sori. 

Isolations  were  made  from  each  of  these  samples  and  the  results  are 
presented  in  Table  I. 

Table  I. — Results  of  isolations  from  the  skinspot  pustules  and  the  sori  of  powdery  scab 


Number  of  the  sample. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Totaljbf    1    to    9 

(undoubted 

skinspot). 
Total  of  2,  3,  5,  6, 

and  7  (English 

material). 
Total  of   1,   4,   8, 

and  9   (Ameri 

can  and  Danish 

material). 


Number 
of  spots 
from 
which 
isola- 
tions 
were 
made. 


27 
60 


15 

24 
6 

6 
6 

34 

60 


12 

12 
3i 

23S 

93 

145 


Number 
of  spots 
which 
yielded 

no 
growth. 


Number 
of  spots 

which 
yielded 
Oospora 

pitstu- 
lans. 


I 
49 


2 

10 

0 

5 

0 

3 

0 

6 

2 

6 

O 

0 

IO 

0 

7 

0 

3 

0 

IS 

86 

8 

69 

7 

17 

Number  i 
of  spots  1 
which 
yielded 
miscel- 
laneous 

fungi 

and 
bacteria. 


23 
8 


12 


3 

o 

26 

60 


28 

137 

16 
121 


Remarks. 


6  spots  yielded  Fusarium  spp. 
3  out  of  5  tubers  (42  spots)  yielded 

exclusively  Oospora  pustulans. 
No  isolations  were  made  from  the 

open    pustules   shown   on    the 

photograph . 
Samples  showed  no  mature  sori  of 

powdery  scab. 
Sample  similar  to  the  preceding 

one  in  appearance. 
Do. 
Do. 
1   sample   (12   spots)   yielded  no 

culture  of  Oospora  pustulans. 
The  predominant  culture  in  this 

case    was    Colletotrichum    atra- 

mentarium     (Berk,     and     Br.) 

Taub. 
1  Phoma  sp.  and  1  Verticillmm  sp. 
Only  1  sorus  yielded  Phoma  sp. 
16  sori  yielded  Phoma  sp.  and  the 

remainder  miscellaneous  fungi. 
Oospora  pustulans  36.1  per  cent. 


Oospora  pustulans  74.2  per  cent. 


Oospora  pustulans  11.72  per  cent. 


These  results  of  isolations  made  from  various  lots  of  material  in  1920 
and  192 1  show  that  Oospora  pustulans  is  by  no  means  the  only  invader  of 
the  skinspot  pustules,  since  it  comprised  36.1  per  cent,  or  slightly  above 
one-third,  of  the  total  isolations  from  the  undoubted  skinspot  material. 
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Nor  is  Phoma  sp.  alone  in  attacking  the  Spongospora  sori  in  Maine.  In 
addition  to  a  certain  proportion  of  sterile  plantings,  that  is,  those  which 
yielded  neither  fungi  nor  bacteria,  a  considerable  percentage  of  organisms 
other  than  O.  pustulans  was  obtained  from  authentic  skinspot  material. 
Especially  striking  is  the  complete  absence  of  the  supposed  skinspot 
fungus  from  the  typical  pustules  of  the  disease  developed  on  potatoes 
grown  in  Pennsylvania.  The  largest  number  of  O.  pustulans  cultures 
was  isolated  from  the  tubers  grown  in  the  British  Isles  (69  out  of  the 
total  number  of  86  O.  pustulans  cultures,  or  74.2  per  cent,  of  all  the  plant- 
ings made  from  English  material) .  A  somewhat  smaller  proportion  was 
obtained  from  Danish  specimens  and  a  still  smaller  one  from  the  samples 
received  from  British  Columbia.  None  was  isolated  from  the  skinspot 
pustules  which  developed  on  potatoes  grown  in  Pennsylvania. 

It  is  not  surprising  that  plantings  of  the  diseased  tissues  did  not  yield 
Spongospora  subterranea.  So  far  only  one  worker  (j)  has  reported 
success  in  culturing  this  organism;  and,  furthermore,  these  cultures 
were  obtained  by  germinating  the  mature  spore  balls  which  are  not  yet 
present  in  the  closed  sori. 

That  a  considerable  number  of  the  true  powdery  scab  sori  are  likely 
to  become  invaded  by  some  secondary  parasite  is  not  a  new  discovery. 
Previous  studies  of  this  disease  in  Maine  revealed  the  fact  that  even  in 
good  storage  conditions  30  to  75  per  cent  of  the  tubers  infected  with 
powdery  scab  suffer  from  a  secondary  rot  due  to  Phoma  tuberosa.  The 
colored  plate  accompanying  the  paper  cited  here  (4)  shows  two  tubers 
with  a  number  of  closed  sori.  The  latter  have  a  depressed  border  and 
a  raised  center  corresponding  to  the  characteristics  noted  in  connection 
with  skinspot  in  England;  but  the  organism  responsible,  at  least  in  part, 
for  this  condition  in  the  latter  country  is  apparently  Oospora  pustulans. 
In  Germany,  Wollenweber's  (10)  work  indicates,  that  a  similar  effect  is 
produced  by  a  species  of  Phoma  different  from  that  occurring  in  Maine. 
The  principal  invader  of  the  skinspot  pustules  in  Pennsylvania  appears 
to  be  Colletotrichum  atramentarium.  This  predominance  in  this  connec- 
tion of  a  certain  species  of  fungus  in  a  given  country  is  an  interesting 
phenomenon  worthy  of  further  study.  It  raises  a  question  as  to  the 
role  of  climatic  conditions  in  developing  an  intricate  relationship  within 
the  fungus  world,  and  in  this  case  relationship  between  the  powdery 
scab  parasite  and  the  secondary  invader.  It  does  not,  however,  solve 
the  problem  of  the  original  cause  of  skinspot.  It  has  long  since  become 
a  commonplace  in  the  science  of  plant  pathology  that  the  association 
of  a  certain  fungus  with  the  dead  host  tissue  does  not  necessarily  signify 
that  it  is  the  primary  cause  of  death.  It  may  as  well  denote  any  one 
of  three  other  possibilities,  namely,  a  secondary  invasion  of  a  parasitic 
nature,  a  saprophytic  existence  on  the  dead  stratum,  or  a  parasitic  attack 
on  the  primary  parasite.  Fusarium  spp.  isolated  by  the  writer  from  the 
skinspot  pustules  are,  undoubtedly,  secondary  parasites,  while  such  miscel- 
laneous fungi  as  Penicillium  sp.  or  Actinomyces  sp.  probably  live  there 
saprophytically.  The  part  which  is  actually  played  in  the  potato  tissues 
by  O.  pustulans  as  well  as  that  by  Phoma  eupyrena  or  C.  atramentarium 
remains  as  yet  to  be  shown.  The  writer's  laboratory  inoculations  of 
healthy  potato  tubers  with  O.  pustulans,  like  those  reported  by  Owen  (7), 
gave  entirely  negative  results. 

It  is  not  difficult  to  culture  Oospora  pustulans  whenever  the  spots  are 
actually  invaded  by  this  fungus.  Therefore,  the  disagreement  of  the 
various  investigators  as  to  the  cause  of  skinspot  does  not  by  any  means 
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signify  their  inability  to  secure  this  organism  in  culture,  were  it  always 
present  in  the  diseased  tissues.  It  is  merely  a  reflection  of  the  actual 
state  of  things.  Their  conclusions  were  determined  mainly  by  the  prev- 
alence of  one  or  the  other  semisaprophytic  fungus  in  their  cultures  or  by 
the  absence  of  any  apparent  growth,  as  the  case  might  have  been.  So 
far  as  the  primary  cause  of  the  trouble  is  concerned,  they  were  dealing 
with  an  organism  which  is  far  from  being  readily  culturable  by  our  usual 
laboratory  methods. 

VARIOUS   STAGES   ON   THE    SAME   TUBER 

While  it  is  possible  to  single  out  many  tubers  which  are  covered  only 
with  the  closed  pimples  to  which  the  name  skinspot  is  applied,  yet  in  the 
examination  of  large  quantities  of  infected  material  one  is  likely  to  find 
a  certain  number  of  specimens,  varying  perhaps  with  the  seasonal  condi- 
tions, which  show  all  gradations  in  the  development  of  the  sori.  It  is 
rather  difficult  and  sometimes  impossible  to  determine  whether  the 
closed  pustules  in  such  cases  should  be  classed  as  skinspot  or  powdery- 
scab  (PI.  1,  E  to  H).  Like  difficulty  may  be  encountered  in  an  examina- 
tion of  some  unquestioned  powdery  scab  material,  grown,  for  instance, 
in  Maine  or  Canada  (PI.  3,  A,  B,  C). 

An  interesting  question  arises  as  to  why  in  certain  years  there  is  an 
abundance  of  immature  sori  of  the  Spongospora  scab.  Theoretically 
speaking,  this  condition  may  be  due  either  to  an  early  check  in  the  develop- 
ment of  the  disease  or  to  a  late  infection.  Both  may  be  brought  about 
by  drouth  and  aided  by  the  varietal  response  of  the  tubers.  It  is  probable 
that  late  varieties  with  a  later  formation  of  tubers  are  more  likely  to  show 
undeveloped  powdery  scab  pustules,  especially  under  adverse  conditions. 

During  the  latter  part  of  September,  1920,  the  writer  visited  Sea  Island 
and  Lulu  Island  in  British  Columbia.  A  number  of  fields  were  examined 
on  which  it  was  said  skinspot  infested  crops  were  produced  in  the 
preceding  years,  but  no  signs  of  the  disease  were  noticed.  Neither  was 
the  well-developed  stage  of  powdery  scab  common.  The  local  workers 
explained  that  the  last  two  seasons  had  been  very  dry  and  in  consequence 
powdery  scab  was  practically  eliminated.  On  the  other  hand,  1919  was 
the  year  when  skinspot  made  its  pronounced  appearance  and  was  noticed 
in  abundance  by  United  States  inspectors  and  pathologists. 

An  early  stage  of  Spongospora  infection  is  usually  not  conspicuous  at 
harvesting.  The  infected  spots  are  not  dark  in  color  until  they  are 
exposed  to  the  drying  which  takes  place  after  lifting.  During  the  long 
period  of  storage  the  tubers  gradually  lose  moisture  and  shrink.  The 
hard,  dry,  dark  pustules  then  become  elevated,  especially  when  they 
become  invaded  by  saprophytic  or  semisaprophytic  organisms. 

DISCOLORATION   AND   ARRANGEMENT   OF   THE    SKINSPOT   PUSTULES 

Upon  lifting  the  epidermis  the  majority  of  the  spots  show  a  peculiar 
chocolate-brown  or  olive-brown  discoloration  of  the  affected  areas. 
This  discoloration  has  frequently  been  described  in  the  literature  as  very 
characteristic  of  powdery  scab.  It  is  not  known  to  be  so  constantly  as- 
sociated with  any  other  disease  of  the  potato  tuber.  The  arrangement 
of  the  pustules  over  the  skin  is  likewise  very  suggestive  of  the  Spon- 
gospora scab.  Although  often  scattered  without  any  definite  order  (PI. 
2,  D),  as  is  also  the  case  with  indisputable  specimens  of  powdery  scab 
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(PI.  4,  A),  they  are  frequently  arranged  in  a  certain  peculiarly  regular 
manner,  as  for  instance,  in  the  form  of  bands  or  stripes  (PI.  1,  A;  PI.  2, 
B,  C),  rings  (PI.  1,  C,  D)  and  aggregations,  particularly  at  the  stem 
end  (PI.  2,  A;  PI.  3,  A).  All  this  is  very  typical  of  powdery  scab  (PI.  4, 
B,  C,  D). 

GEOGRAPHICAL  DISTRIBUTION  OF   SKINSPOT 

It  is  a  striking  "coincidence"  that  this  disease  occurs  only  in  those 
countries,  or  in  those  sections  of  the  countries,  where  climatic  conditions 
favor  the  development  of  powdery  scab.  It  has  not  yet  been  reported 
from  those  parts  of  the  world  where  the  latter  is  unknown.  Thus,  it  is 
prevalent  in  the  British  Isles,  exists  in  Denmark  and  Germany,  and  is 
established  in  parts  of  Canada.  Occasional  specimens  showing  closed 
pustules  were  observed  in  Maine,  and  they  were  always  identified  as  the 
immature  stage  of  powdery  scab.  It  has  developed  recently  to  a  slight 
degree  in  the  elevated  regions  of  Pennsylvania.  No  other  similar  trouble 
has  been  discovered  in  any  other  section  of  the  States  in  spite  of  a  con- 
tinuous influx  of  skinspot  infected  potatoes  from  Europe.  This  is  exactly 
the  behavior  of  powdery  scab.  The  writer  planted  a  large  quantity  of 
Oospora  pustulans  material  at  Arlington  Farm,  Va.,  in  1920,  but  no  spots 
were  observed  on  new  tubers  either  at  harvest  time  or  in  the  spring  of 
1 92 1.  The  same  negative  results  were  obtained  with  tubers  planted  in 
the  greenhouse  at  Washington,  D.  C,  and  grown  in  various  lands  of  soil 
and  under  various  conditions  of  moisture,  Although  the  powdery  scab 
sori  may  develop  in  Washington  greenhouses,  this  is  known  to  take  place 
only  when  tubers  with  the  mature  spore  balls  are  planted.  It  has  not 
yet  been  ascertained  whether  the  organism  in  the  closed  pustule  stage 
can  readily,  if  at  all,  become  a  source  of  infection  of  the  new  crop. 

SUMMARY  AND  CONCLUSIONS 

Evidence  is  submitted  in  the  preceding  paragraphs  which  show  that : 

(1)  Neither  Oospora  pustulans  nor  any  other  filamentous  fungus  or 
environmental  conditions  mentioned  by  previous  authors  in  connection 
with  skinspot  are  proved  to  be  the  primary  cause  of  the  disease. 

(2)  Oospora  pustulans  is  prevalent  in  England,  and  probably  in  some 
geographically  proximal  countries,  but  is  either  rare  or  entirely  absent 
in  the  skinspot  material  grown  in  America. 

(3)  The  various  peculiar  characteristics  of  the  skinspot  disease,  as  well 
as  its  geographical  distribution  are  fully  in  accord  with  our  present 
knowledge  of  powdery  scab. 

(4)  Certain  of  these  peculiar  features  can  not  be  satisfactorily  ex- 
plained apart  from  the  identity  of  the  two  diseases. 

(5)  The  closed  or  immature  sori  of  powdery  scab  present  no  apparent 
difference  from  the  pustules  of  skinspot. 

(6)  The  fungi  associated  with  the  spots  in  question  are  mainly  secondary 
invaders  developing  during  the  storage  period. 

(7)  These  secondary  invaders  do  not  belong  to  one  species,  nor  even 
to  one  genus,  but  vary  with  the  country,  their  prevalence  being  deter- 
mined perhaps  by  climatic  conditions  and  the  flora  of  the  soil. 

(8)  Their  presence  in  the  sori  of  powdery  scab  is  altogether  unnecessary 
to  give  them  the  appearance  of  skinspot. 

This  evidence  leads  us  to  the  conclusion  that  the  skinspot  pustules  are 
essentially  and  primarily  the  closed  or  immature  sori  of  powdery  scab. 
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They  are,  however,  frequently  invaded  during  the  period  of  storage  by 
various  filamentous  fungi,  in  part  saprophytes.  In  the  light  of  this  con- 
ception of  skinspot  we  can  understand  the  failure  of  this  disease  to 
spread  in  the  United  States  in  spite  of  numerous  and  continuous  impor- 
tations of  infested  material.  We  may  further  rest  assured,  so  far  as  our 
knowledge  of  powdery  scab  goes,  that  the  skinspot  stage  of  the  latter 
can  never  become  a  serious  menace  to  the  potato  industry  in  this  country. 
The  term  skinspot  has  no  right  to  existence,  except  perhaps  for  practical 
convenience  as  a  designation  of  a  certain  stage  of  powdery  scab. 
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PLATE  i 

Various  stages  and  arrangements  of  the  typical  skinspot  pustules.     Some  tubers 
show  mature  sori  of  powdery  scab  also.     All  eight  specimens  were  grown  in  England. 
A. — Stripe  arrangement  of  the  pustules. 
B. — Perfectly  flat  spots. 
C,  D. — Circles  of  the  sori. 
E  to  H. — Mixed  stages  of  maturity  of  sori. 
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PLATE  2 

Closed  and  half -closed  sori. 

A. — Aggregation  of  sori  at  the  stem  end  of  a  tuber  from  Scotland. 

B. — Stripe  arrangement  on  tuber  taken  from  a  consignment  of  Danish  potatoes. 

C. — Semicircle  of  pustules. 

D. — Promiscuous  distribution  of  pustules  over  the  surface  of  the  tuber. 

C  and  D  were  received  from  England. 
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PLATE  3 

Tubers  showing  immature  closed  and  half-closed  sori  ol  powdery  scab,  most 
closely  approaching  the  perfect  skinspot  stage:  A,  from  British  Columbia;  B  and  C,. 
from  Maine. 
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PLATE  4 

Typical  open  sori  of  powdery  scab,  illustrating  the  distribution  of  the  pustules:  A, 
promiscuously  scattered  over  the  surface  of  the  tuber;  B,  in  a  semicircle;  C,  in  an 
aggregate  at  the  stem  end;  D,  as  a  band  encircling  the  tuber. 
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USE  OF^AI/TERNATING  TEMPERATURES  IN  THE 
/  GERMINATION  OF  SEEDS  l 

By  George  T.  Harrington 

Formerly  Scientific  Assistant,r_Seed-Testing  Laboratories,  United  States  Department  of 

Agriculture 

INTRODUCTION 

The  helpful  use  of'daily  alternations  of  temperatures  in  the  germina- 
tion of  certain  seeds  grew  out  of  observed  differences  in  germination  in 
light  as  compared  with  that  in  darkness,  and  the  resulting  controversy 
as  to  whether  the  favoring  effect  of  light  was  due  to  the  heat  rays  or  was 
photochemical  in  nature. 

Cieslar  (j)2  in  1883  secured  better  germination  of  Poa  nemoralis  in 
yellow  (therefore  warm)  light  than  in  white  light,  although  violet  (there- 
fore cold)  light  gave  no  better  germination  than  was  secured  in  darkness. 
Pickholz  (19),  working  with  Poa  pratenis,  later  reported  similar  results 
which  indicated  that  the  heat  rays  were  more  effective  in  germination 
than  the  light  rays.  While  this  conclusion  has  not  proved  to  be  true 
with  all  light-sensitive  seeds,  it  has  with  some  kinds;  and  the  investiga- 
tions which  followed  Cieslar's  work  led  to  the  definite  policy  of  germi- 
nating many  kinds  of  seeds  with  a  regular  daily  alternation  of  tempera- 
ture. Usually  about  200  C.  has  been  used  as  the  lower  temperature  and 
about  300  as  the  higher  temperature,  the  higher  temperature  being  main- 
tained for  from  four  to  eight  hours  each  day.  Many  other  alternations 
have  been  used  experimentally  with  good  results. 

The  year  following  Cieslar's  publication  Von  Liebenberg  (16)  showed 
that  Poa  pratensis  germinated  better  when  kept  at  200  C.  for  19  hours 
and  at  280  for  five  hours  of  each  day  than  at  either  200  or  280,  constantly 
maintained,  and  that  this  alternation  of  temperatures  took  the  place  of 
exposure  of  the  seed  to  light.  Since  then  others  (1,  2,  6,  7,  8,  9,  11,  15, 
17,  18,  19,  20,  21)  have  shown  a  favorable  effect  of  temperature  alterna- 
tions upon  the  germination  of  many  kinds  of  seeds.  Usually  a  daily 
alternation  has  been  used.  Heinrich  (rj),  however,  showed  that  a  very- 
beneficial  effect  was  produced  in  some  cases  by  a  definite  temperature 
change  once  in  five  days.  Lehman  (15)  argued  that  a  similar  favorable 
effect  was  produced  by  temperature  changes  without  definite  or  daily 
alternations,  and  Gassner  (6)  showed  that  only  a  few  hours  at  a  low 
temperature  followed  by  a  single  change  to  a  higher  temperature  induced 
maximal  germination  of  seeds  of  Paspalum  dilitatum,  which  would  not 
germinate  well  without  previous  exposure  to  the  low  temperature. 

1  Accepted  for  publication  May  10,  1922. 
'Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  331-332. 
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Haberlandt  (10)  and  Eidam  (5)  have  suggested  temperature  effects 
upon  the  water  intake  of  seeds  as  a  possible  cause  of  the  favorable  effect 
of  temperature  alternations  upon  germination.  This  hypothesis  seems 
hardly  tenable,  since  certainly  some  and  probably  most  seeds  whose  ger- 
mination is  favored  by  temperature  alternations  take  up  at  any  tempera- 
ture more  water  than  the  minimum  required  for  germination.  Von 
Liebenberg  (16)  suggested  that  the  reserve  materials  made  available  at 
any  given  temperature  were  wholly  or  largely  used  up  in  respiration,  but 
that  a  slight  surplus,  becoming  soluble  at  higher  temperatures,  is  avail- 
able for  growth  when  the  temperature  is  lowered  with  consequent  reduc- 
tion in  the  intensity  of  respiration.  Gassner  (7)  considered  the  effect  of 
temperature  alternations  upon  the  germination  of  Chloris  ciliata  to  be 
entirely  a  matter  of  oxygen  relations.  In  line  with  Gassner's  conclusion 
Vanha  (21)  called  attention  to  the  fact  that  differences  in  temperature 
between  the  different  parts  of  the  seed,  the  germinating  bed,  and  the 
outer  air  following  a  sudden  temperature  change  cause  different  gas  densi- 
ties which  may  set  up  lively  gas  movements  leading  to  removal  of  C02 
and  renewal  of  oxygen — conditions  favorable  to  increased  respiration  and 
probably  to  germination. 

Probably  none  of  these  hypotheses  can  furnish  a  complete  explanation 
of  the  effect  of  temperature  alternations,  but  they  point  the  way  for  an 
attack  upon  the  problem.  A  detailed  study  of  the  respiration  and 
internal  changes  of  the  seeds  at  different  temperatures  would  probably 
help  in  its  solution.  The  respiratory  quotient  of  dormant  apple  seeds 
decreases  with  decreasing  temperature,  and  vice  versa.  If  this  is  true  of 
dormant  embryos  generally,  there  may  be  at  low  temperatures  an  accumu- 
lation and  actual  metabolism  of  oxygen  in  a  form  which  becomes  immedi- 
ately available  for  the  inception  of  growth  processes  when  the  seeds  are 
placed  at  the  higher  temperature.  This  hypothesis  is  in  some  respects 
the  converse  of  that  of  Von  Liebenberg  (16),  but  it  does  not  stand  in 
opposition  to  that  of  Vanha  (21)  or  to  that  of  Gassner  (7). 

The  purpose  of  the  present  paper  is  not  to  discuss  the  possible  explana- 
tion of  the  effects  of  temperature  alternations  upon  germination  but 
merely  to  show  somewhat  more  in  detail  the  nature  and  extent  of  such 
effects. 

EXPERIMENTAL  WORK 

Several  years  ago  seeds  of  carrot  (Daticus  carota  L.),  celery  (Celeri 
graveolens  (L-)  Britton),  parsley  {Petroselinum  hor tense  Hoffm.),  and 
parsnip  (Pastinaca  sativa  L.)  were  tested  for  germination  at  150,  200, 
25°>  3°°>  and  35°  C,  and  with  every  possible  alteration  between  these 
temperatures  in  which  the  higher  temperature  was  maintained  7^  hours 
and  the  lower  temperature  163^  hours  of  each  day — a  total  of  5  constant 
temperatures  and  10  temperature  alternations.  The  temperature  alter- 
nations were  accomplished  by  transferring  the  trays  with  their  load  of 
seeds  from  one  germination  chamber  to  another  and  back  again  each  day. 

Under  nearly  all  of  these  15  temperature  conditions,  germination  tests 
of  seeds  of  the  following  grasses  were  made:  Timothy  (Phleum  pratense 
L.),  awnless  brome  grass  (Bromus  inermis  Leyss.),  perennial  rye  grass 
{Lolium  perenne  L.),  Italian  rye  grass  (Lolium  multiflorum  Lam.), 
meadow-fescue  (Festuca  elatior  L.),  orchard  grass  {Dactylis  glomerata  L.), 
redtop,  (Agroslis  polustris  Huds.),  Kentucky  bluegrass  (Poa  pratensis 
L-),  and  Bermuda  grass  (Capriola  dactylon  (L.)  Kuntze). 
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In  these  germination  tests  it  was  not  possible  with  the  equipment 
available  to  control  the  temperatures  absolutely,  but  except  for  150  and 
200  C.  the  fluctuations  were  very  slight.  Even  with  these  lower  tempera- 
tures the  control  was  sufficiently  accurate  to  give  reasonably  reliable 
results,  as  will  appear  later. 

Seeds  of  celery  and  redtop  were  tested  on  top  of  four  thicknesses  of 
moistened  blotting  paper.  Kentucky  bluegrass  and  Bermuda  grass 
seed  were  tested  with  the  Jacobson  apparatus  (4,  p.  33) .  The  other  kinds 
were  tested  between  moistened  blotting  papers,  two  thicknesses  below 
and  two  above. 

The  following  year  a  study  was  made  of  the  actual  progress  of  tempera- 
ture changes  in  the  interior  of  the  germinating  chambers  in  a  variety  of 
temperature  alternations,  and  these  temperature  changes,  with  the 
resulting  effects  upon  the  germination  of  a  number  of  kinds  of  seeds,  were 
compared  with  data  obtained  from  field  experiments. 

About  two  years  later  a  number  of  kinds  of  flower  seeds  were  tested  at 
very  accurately  maintained  constant  temperature  from  150  to  300  C. 
with  a  large  number  of  temperature  alternations.  Some  kinds  were 
tested  also  in  an  ice  box.  The  kinds  studied  were  balsam  (Impatiens 
balsamina  L-),  California  poppy  (Eschscholtzia  calif  ornica  Cham.),  candy- 
tuft (Iberis  amara  L-),  cosmos  (Cosmos  bipinnatus  Cav.),  belvedere 
(Kochia  scoparia  (L.)  Schrad.),  larkspur  (Delphinium  ajacis  L.),  mari- 
gold (Calendula  officinalis  L-),  mignonette  (Reseda  odorata  L.),  nastur- 
tium (Tropaeolum  majus  L.  and  T.  minus  L.),  pansy  (Viola  tricolor  L>), 
petunia  (Petunia  hybrida  Hort.),  Chinese  pink  (Dianthus  chinensis  L-), 
poppy  (Papaver  spp.),  portulaca  (Portulaca  grandiflora  spelndens  Hort.), 
snapdragon  (Antirrhinum  majus  L-),  sweet  pea  (Lathyrus  odoratus  L.), 
and  zinnia  (Zinnia  elegans  Jacq.).  The  larger  seeds  were  tested  between 
wet  blotters  or  wet  canton  flannel  and  the  smaller  ones  on  top  of  wet 
blotters. 

More  recently  a  careful  study  was  made  of  the  germination  of  Johnson 
grass  seed  (Holcus  halepensis  L.)  under  accurately  controlled  temperature 
conditions,  moistened  blotting  paper  disks  in  100-mm.  Petri  dishes  being 
used  as  a  germinating  bed. 

In  the  germination  tests  of  each  series  duplicates  of  100  or  200  seeds 
each  were  used.  The  seeds  used  were  fully  after-ripened  except  as 
indicated  later  in  certain  tests  of  Johnson  grass  seed.  The  tests  whose 
results  are  presented  in  this  paper  are  typical  examples  of  a  large  number 
of  tests  of  the  same  kinds  of  seed. 

The  results  of  the  first  and  third  series  of  tests  will  be  presented 
briefly  and  then  the  results  of  the  tests  of  Johnson  grass  seed  will  be 
given  more  in  detail,  reserving  the  study  of  the  alternations  and  com- 
parison with  field  data  until  last.  On  account  of  the  nature  and  com- 
plexity of  the  data  dealt  with,  the  results  can  in  general  be  presented  to 
best  advantage  in  graphic  rather  than  in  tabular  form. 

RESULTS  OF  THE  EXPERIMENTS 

I.   SEEDS   GERMINATING   AT   CONSTANT  TEMPERATURES 

Seeds  of  timothy,  awnless  brome  grass,  both  species  of  rye  grass, 
meadow  fescue,  carrot,  and  parsley  and  all  of  the  flower  seeds  ger- 
minate nearly  or  quite  as  rapidly  and  completely  at  favorable  constant 
temperatures    as    with   any    alternation    of    temperatures.     The    most 
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favorable  constant  temperature  for  the  different  species  varied  from  150  C. 
for  larkspur  and  poppy  seeds  to  22.50  or  25 °  for  petunia  seed.  Some 
kinds  of  seed  germinated  equally  well  with  a  wide  range  of  tempera- 
tures, while  for  others  there  was  a  very  definite  temperature  optimum. 
For  instance,  larkspur  seed  germinated  much  better  at  150,  which  rep- 
resents its  optimum,  than  at  17.50,  while  belvedere  seed  germinated  with 
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Fig.  i. — Average  rates  and  percentages  of  germination  of  two  lots  of  carrot  seed  under  is  temper- 
ature conditions. 

equal  completeness  and  with  very  little  difference  in  rapidity  at  any 
temperature  from  150  to  300. 

Figure  1,  representing  the  average  rates  and  percentages  of  germina- 
tion of  two  lots  of  carrot  seeds  under  15  temperature  conditions,  illus- 
trates the  behavior  of  those  seeds  which  germinated  well  at  constant 
temperature  and  were  tolerant  of  a  wide  range  of  temperatures.  The 
figure  shows  a  retarding  effect  of  very  cool  or  very  warm  temperatures 
and  of  alternations  of  temperature  between  extremes  which  are  widely 
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separated  from  each  other. 
But  the  differences  ob- 
served in  the  early  days 
of  the  test  were  evened 
up  toward  the  end,  ex- 
cept with  the  warm  tem- 
perature alternation  300 
to  350  C.  and  at  350 
constant. 


/OOk 


2.  SEEDS  REQUIRING  TEM- 
PERATURE ALTERNA- 
TIONS 

Seeds  of  redtop,  orchard 
grass,  Kentucky  bluegr  ass, 
Bermuda    grass,    parsnip, 
celery,  and  Johnson  grass 
required  an  alternation  of 
temperatures  for  best  ger- 
mination.    Of  these,  red- 
top     comes     nearest     to 
being  a  constant-tempera-     ^ 
ture  germinator  and  Ber-     <^ 
muda  grass  stands  at  the    [t 
other  end  of  the  series. 

REDTOP 


Figure  2  shows  the  av- 
erage percentages  and 
rates  of  germination  of 
three  samples  of  redtop 
seed.  Alternations  be- 
tween extremes  io°  C. 
apart  (200  to  300  and  25 ° 
to  35°)  gave  the  highest 
results,  with  50  and  150 
alternations  only  slightly 
lower  but  still  somewhat 
ahead  of  the  constant  tem- 
peratures. As  with  the 
constant-temperature  ger- 
minators,  so  here  in  the 
tests  with  redtop,  constant 
temperatures  below  or 
very  much  above  the 
optimum  and  alternations 
15  °  wide  (200  to  350)  re- 
tarded germination  in  the 
early  days  of  the  test. 
At  the  end  of  the  first 
three    days  the   influence 
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Fig.  2. — Average  rates  and  percentages  of  germination  of  three 
lots  of  redtop  seed  under  seven  temperature  conditions. 
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of  the  actual  mean  temperature  seems  to  predominate,  except  with 
the  wide  alternation  200  to  35 °,  over  the  influence  of  alternations  as 
contrasted  with  constant  temperatures;  and  it  is  only  in  the  later  days 
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Fig.  j. — Average  rates  and  percentages  of  germination  of  three  lots  of  Kentucky  blue-grass  seed  under 

13  temperature  conditions. 

of;  the|tests  that  some  of  the  alternations  prove  their  superiority.  From 
the  standpoint  of  rapidity  of  germination,  alternations  with  300  are 
preferable  to  alternations  with  35  °  as  the  higher  temperature. 
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KENTUCKY   BLUEGRASS 

Figure  3  shows  the  average  percentages  and  rates  of  germination  of 
three  lots  of  Kentucky  bluegrass  seed.  Here  the  favorable  effect  of 
temperature  alternations  is  strikingly  evident  and  increases  with  the 
progress  of  the  test.  All  of  the  low  points  in  the  graphs,  except  for  the 
earliest  count  (seven  days),  represent  germination  at  constant  tempera- 
tures or  with  narrow  (50  C.)  alternations.  A  narrow  alternation  was 
more  effective  in  a  low  temperature  range  (150  to  200  and  200  to  250) 
than  in  a  higher  temperature  range  (250  to  300).  This  has  been  found 
to  be  true  also  with  other  seeds  requiring  temperature  alternations  for 
best  germination.  An  alternation  of  150  retarded  germination  in  the 
early  days  of  the  test.  The  alternations  250  to  350  and  300  to  350 
were  too  warm  for  good  results. 

It  should  be  emphasized  here  that  the  beneficial  effect  of  temperature 
alternations  can  not  in  any  way  be  referred  to  a  constant  temperature 
equivalent  to  the  mean  temperature  of  the  alternation  or  to  the  extreme 
temperatures  of  the  alternation.  Thus,  temperature  alternations  with 
200  C.  as  either  upper  or  lower  extreme  gave  much  better  results  than 
200  constant,  and  any  alternation  gave  better  results  than  either  of  the 
extremes  of  that  alternation  constantly  maintained.  Again,  the  ger- 
mination with  the  alternations  150  to  300  and  200  to  350  was  approxi- 
mately three  times  as  great  as  at  their  constant  temperature  equivalents, 
200  and  250. 

At  the  same  time  it  is  possible  to  see  an  effect  of  mean  daily  tempera- 
ture supplementing  the  more  important  effect  of  the  temperature  changes 
as  such.  Since  the  higher  temperature  in  each  alternation  was  main- 
tained for  approximately  one-third  of  each  day  the  mean  temperature  of 
each  alternation  can  be  represented  by  adding  to  the  lower  temperature 
one-third  of  the  difference  between  that  and  the  higher  temperature. 
Table  I  shows  the  mean  temperatures  of  the  alternations  which  gave  fairly 
good  results,  together  with  the  average  total  percentages  of  germination. 
The  germination  increased  regularly  with  increase  in  the  mean  temperature 
of  the  alternation  up  to  230  C.  and  fell  rather  abruptly  after  this  mean. 
There  was  a  similar  correspondence  between  mean  temperatures  and  the 
germination  of  Johnson  grass  seed,  but  not  with  any  of  the  other  seeds 
which  required  alternations  of  temperatures  for  best  germination. 

Table   I. — Temperature   alternations,   corresponding   mean   temperatures,    and   average 
percentages  of  germination  produced  in  three  lots  of  Kentucky  bhiegrass  seed 


Temperature  alternation. 


15  to  20 

15  to  25 

15  to  30 

20  to  25. .  .  . 


Approxi- 

Average 

mate  mean 

percentage 

tempera- 

of germi- 

ture. 

nation. 

°C. 

16 

46 

18 

48 

20 

49 

21 

52 

Temperature  alternation. 


°C 
IS  to  35.... 
20  to  30.  ..  . 
20  to  35. .. 
25  to  35.... 


Approxi- 
mate mean 
tempera- 
ture. 


22 
23 
25 
28 


Average 
percentage 
of  germi- 
nation. 


58 
63 
56 

35 


Kentucky  bluegrass  is  one  of  the  kinds  of  seed  with  which  Hartleb 
and  Stulzer  (12)  secured  much  better  germination  at  300  C.  than  with 
an  alternation  between  200  and  300.  The  results  here  reported,  as  well 
as  the  results  of  several  other  investigators,  show  that  Hartleb  and 
Stulzer's  results  were  unreliable  and  their  conclusions  false. 
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The  temperature  alternation  giving  best  results  in  these  tests  (200  to 
300  C.)  is  almost  identical  in  mean  temperature  with  that  (210  for  8  hours 
and  2 8°  for  16  hours)  which  Vanha  {21)  in  his  careful  and  thorough 
investigation  found  most  advantageous  for  the  germination  of  this 
species.  Brown  (x)  also  recommended  an  alternation  between  200  and 
300  for  the  germination  of  seeds  of  this  species. 
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Fig.  4.— Average  rates  and  percentages  of  germination  of  three  lots  of  celeryseed  under  is  temper- 
ature conditions. 


CELERY 


Figure  4  shows  that  celery  seed  germinated  almost  as  completely  at 
nearly  constant  low  temperatures  as  with  temperature  alternations, 
though  it  germinated  more  slowly.  However,  as  the  germination  tem- 
perature increased  a  relatively  wide  alternation  (io°  C.)  became  impera- 
tive and  still  wider  alternation  (150  or  200)  did  no  harm.     As  with  Ken- 
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tucky  bluegrass,  the  favorable  effect  of  the  alternations  is  not  referable 
to  the  effect  of  extreme  or  mean  temperatures  but  is  the  result  of  the 
changes  in  temperature.  In  several  other  tests  of  celery  seed  with  better 
control  of  the  lower  temperatures,  germination  was  much  poorer  at 
200  and  with  the  alternation  200  to  250,  in  comparison  with  other  alter- 
nations, than  in  the  tests  represented  in  Figure  4.  No  other  tests  were 
made  at  150  or  with  the  alternation  150  to  200. 

The  slight  fluctuations  in  the  temperature  of  the  cool  germinating 
chambers  were  no  doubt  partly  responsible  for  the  high  percentages  of 
germination  at  low  temperatures ;  but  they  certainly  were  not  sufficient 
to  explain  the  results  entirely  if  the  seeds  required  as  wide  alternations 
at  low  temperatures  as  at  high  temperatures  and  if  no  other  significant 
factor  was  involved.  Additional  tests  made  at  another  time  indicate, 
however,  that  other  factors  may  be  involved.  Ninety-six  simultaneous 
tests  of  celery  seed  from  a  single  unusually  sensitive  lot  were  made  in 
different  parts  of  a  single  chamber,  which  was  heated  from  below  by  a 
gas  burner  during  the  several  hours  of  each  forenoon  and  cooled  each 
afternoon  by  a  stream  of  cold  water  in  the  top  of  the  water  jacket  around 
the  chamber.  The  upper  and  lower  temperatures  were  controlled  by 
thermo  regulators,  and  the  lower  temperature  was  held  for  about  15 
hours  of  each  day.  The  seeds  in  the  more  rapidly  cooled  parts  of  the 
chamber  germinated  much  more  rapidly  and  completely  than  those  in 
other  parts  of  the  chamber,  though  the  extreme  upper  and  lower  tem- 
peratures reached  were  very  nearly  the  same  in  all  parts  of  the  chamber. 
The  actual  range  in  percentage  of  germination  in  different  parts  of  the 
chamber  was  from  o  to  32  per  cent  in  7  days,  from  o  to  58  per  cent  in 
9  days,  from  11  to  81  per  cent  in  11  days,  from  41  to  91  per  cent  in  14 
days,  and  from  53  to  95  per  cent  in  21  days.  After  21  days  the  seeds 
which  had  occupied  the  least  favorable  positions  and  had  germinated 
most  poorly  were  put  in  the  most  favorable  positions,  with  the  result 
that  their  germination  soon  increased  to  equal  that  of  the  seeds  originally 
in  the  more  favorable  positions. 

Similarly,  when  the  celery  seed  was  daily  transferred  between  two 
chambers  constantly  maintained  at  different  temperatures  and  the  cool 
chamber  was  cooled  by  a  block  of  ice  above  the  water  jacket,  as  was  done 
in  the  tests  represented  in  Figure  4,  the  seeds  germinated  somewhat 
better  if  placed  in  the  top  of  the  cool  chamber  than  if  placed  lower  in  the 
chamber  where  the  temperature  changes  were  less  abrupt. 

In  the  tests  discussed  in  the  two  preceding  paragraphs  the  tempera- 
tures in  the  positions  in  which  the  seeds  germinated  best  were  almost 
always  somewhat  lower  than  in  the  other  parts  of  the  chambers.  The 
differences  in  temperature  were  not,  however,  commensurate  with  the 
corresponding  differences  in  germination.  In  the  more  rapidly  cooled 
and  constantly  somewhat  cooler  parts  of  the  cool  chambers  convection 
currents  of  air  must  have  been  more  lively  than  in  other  parts,  and  this 
may  have  led  to  a  significantly  better  renewal  of  oxygen  in  immediate 
contact  with  the  seeds,  as  suggested  by  Vanha  (21).  Also  there  was  a 
constant  tendency  in  the  cooler  parts  of  the  chambers  for  water  from  the 
air  which  had  become  saturated  in  the  warmer  parts  of  the  chambers  to 
condense  upon  the  surface  of  the  seeds.  This  condensation  water  would 
presumably  be  saturated  with  oxygen,  which  would  be  immediately 
available  for  the  use  of  the  seeds  unless  kept  out  by  seed  coats  relatively 
impermeable  to  oxygen.  While  there  is  no  direct  evidence  that  oxygen 
relations  really  are  important  here  this  possibility  must  be  admitted. 
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BERMUDA   GRASS 


The  favorable  effect  of  temperature  alternations  is  strikingly  evident  in 
Figure  5.  A  very  narrow  alternation  (50  C.)  is  almost  without  effect, 
and  a  io°  alternation  is  much  less  effective  than  a  150  or  200  alternation. 
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Fig.  5. — Average  rates  and  percentages  of  germination  of  three  lots  of  Bermuda  grass  seed  under  13 

temperature  conditions. 

Bermuda  grass  seed  germinates  at  high  temperature,  its  germination 
being  better  at  35 °  and  with  the  50  alternation  below  35 °  than  at  lower 
constant  temperatures  or  with  50  alternations  in  a  lower  temperature 
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range.  In  view  of  the  temperature  effects  here  manifested  and  the 
work  with  Johnson  grass  seed  discussed  later  in  this  paper,  it  is  unfortu- 
nate that  experimental  germination  tests  of  Bermuda  grass  seed  were 
not  also  made  with  still  warmer  temperatures,  both  constant  and  in 
alternation. 

ORCHARD   GRASS   AND  PARSNIP 

These  two  kinds  of  seed  required  an  alternation  of  temperatures  for  best 
germination.  They  were  considerably  more  sensitive  to  temperature 
conditions,  especially  to  the  difference  between  constant  temperatures 
and  temperature  alternations,  than  redtop  seed  (fig.  2.),  but  somewhat 
less  sensitive  than  Kentucky  bluegrass  (fig.  3)  or  celery  seed  (fig.  4). 
With  each  of  these  two  species  every  alternation  of  temperatures  except 
250  C.  to  300  and  300  to  350  gave  better  results  than  any  constant 
temperature. 

Reverse  Alternations 

Parsnip  and  celery  seed  were  tested  with  the  alternations  250  C.  for 
16^  hours  and  200  for  7^  hours  each  day  in  comparison  with  the  alterna- 
tion 200  for  16V  hours  and  25 °  7^  hours  each  day  and  with  the  similar 
alternations  300  to  200  and  200  to  300.  The  alternations  in  which  the 
cool  temperature  was  maintained  for  the  longer  time  gave  uniformly 
better  germination  than  the  reverse  of  these  alternations.  The  differences 
were  frequently  large,  but  with  some  lots  of  seed  they  were  insignificant. 

JOHNSON   GRASS 

It  has  already  been  pointed  out  (11) :  (1)  That  newly  matured  John- 
son grass  seed  is  characterized  by  a  dormancy  which  is  not  resident  in 
the  embryo  but  is  imposed  by  coat  structures  and  which  is  not  entirely 
removed  until  after  several  months  of  dry  storage,  and  (2)  that  both 
during  and  after  the  process  of  after-ripening  the  seeds  of  this  species 
germinate  better  at  a  high  temperature  and  with  temperature  alterna- 
tions than  at  lower  or  constant  temperatures.  In  the  earlier  paper  (11) 
an  alternation  between  25 °  and  400  C.  was  given  as  the  optimum  tem- 
perature condition  for  the  germination  of  this  kind  of  seed,  but  later  work 
has  shown  that  the  still  higher  temperature  alternation  300  to  45 °  gives 
still  better  results. 

Figure  6  shows  the  average  rates  and  percentages  of  germination  of 
six  lots  of  fully  after-ripened  Johnson  grass  seed  under  12  temperature 
conditions,  the  higher  temperature  in  each  alternation  being  maintained 
from  six  to  eight  hours  each  day. 

The  accelerating  effect  of  warm  temperatures  is  shown  by  the  fact  that, 
in  contrast  to  all  the  kinds  of  seed  hitherto  discussed,  Johnson  grass  seed 
germinated  more  rapidly  in  the  early  days  of  the  germination  test  at 
constant  temperatures  than  with  the  temperature  alternations  correspond- 
ing to  a  lower  mean  temperature,  but  just  about  the  same  as  with  tem- 
perature alternations  corresponding  to  the  same  mean  temperature.  The 
high  points  in  the  graph  for  germination  in  two  days  all  correspond  to 
constant  temperatures,  but  the  points  in  this  graph  showing  germination 
with  the  temperature  alternations  200  to  350  C.,  25^040°,  and  30^045°, 
fall  on  almost  exactly  the  same  levels,  respectively,  as  those  for  the 
approximately  equivalent  constant  temperatures  250,  300,  and  350. 
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Fig.  6. — Average  rates  and  percentages  of  germination  of  six  Jots  of  Johnson  grass  seed  under  13 

temperature  conditions. 
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As  germination  advanced  the  alternations  proved  more  advantageous 
and  the  shape  of  the  graphs  representing  germination  became  reversed, 
with  the  low  points  falling  on  the  lines  for  constant  temperatures. 

The  alternation  300  to  450  C.  gave  best  results,  and  250  to  400  next 
best.8  With  the  alternation  300  to  45 °  germination  was  more  rapid  at 
first,  progressed  at  a  more  nearly  uniform  rate,  and  was  more  active  in 
the  last  10  days  of  the  germination  test  than  with  the  alternation  25 °  to 
400.  With  the  latter  alternation  nearly  all  of  the  germination  occurred 
between  the  second  and  the  sixth  days. 

As  with  Kentucky  bluegrass  seed  (see  p.  301),  the  effect  of  the  mean 
temperature  of  the  alternations  supplements  in  a  definite  manner  the 
more  important  effect  of  the  temperature  changes  as  such.  The  alter- 
nation 200  to  300  C.  evidently  is  not  wide  enough  to  produce  the  desired 
results.  Table  II  compares  the  other  alternations  used  and  the  percent- 
ages of  germination  on  the  basis  of  the  approximate  mean  temperatures 
of  the  alternations.  The  percentage  of  germination  rose  regularly  with 
rising  mean  temperature  up  to  340  and  then  fell  abruptly. 

At  400  C.  constant,  germination  was  spread  over  an  even  longer  period 
than  with  the  alternation  300  to  45  °.  It  is  important  to  remark  here  that 
while  some  seeds  produced  normal  seedlings  at  this  high  temperature 
(400)  many  at  this  temperature  and  a  few  at  a  constant  temperature  of 
350  germinated  only  sufficiently  to  spread  the  heavy  scales  which  inclose 
the  caryopses  by  the  slight  elongation  of  radicle  or  coleoptile,  after  which 
growth  ceased.  These  seeds  were  counted  as  germinated.  When  such 
seeds,  after  growth  had  stopped,  were  placed  at  a  cooler  temperature, 
either  constantly  or  in  alternations,  normal  growth  ensued.  One  is  re- 
minded here  of  Kidd  &  West's  work  (14)  in  which  a  variety  of  agents 
induced  growth  in  dormant  white  mustard  seeds  when  used  in  concen- 
trations or  degrees  just  falling  short  of  causing  serious  injury  to  the  seed. 
According  to  this  conception  heat  might  here  be  considered  as  a  stimulus 
to  germination;  and  the  advantage  of  an  alternation  between  tempera- 
tures, the  warmer  of  which  lies  either  near  the  upper  limit  of  endurance  of 
a  given  seed  or  above  the  optimum  for  its  germination  and  the  subsequent 
growth  of  the  seedling,  might  lie  in  the  fact  that  the  seed  is  given  the  tem- 
porary and  recurring  advantage  of  an  elevation  of  temperature  without 
being  subjected  to  the  harmful  effects  of  long-continued  exposure  to  a 
high  temperature.  In  this  connection  it  should  be  remembered  also  that 
in  the  case  of  a  temperature  alternation  the  actual  temperature  of  the 
seeds  probably  never  quite  reached  the  temperature  shown  on  the  ther- 
mometer in  the  warmer  germinating  chamber  and  that  the  rise  and  fall 
in  the  temperatures  of  the  seeds  were  relatively  slow  and  gradual. 

Table  II. — Temperature  alternations,   corresponding  mean  temperatures,  and  average 
percentages  of  germination  produced  in  six  lots  of  Johnson  grass  seed 


Temperature  alternation. 


9C. 


15  to  30. 
20  to  35. 
20  to  40. 


Approxi- 

Average 

mate  mean 

percentage 

tempera- 

of germi- 

ture. 

nation. 

°c. 

*9 

41 

24 

51 

25 

63 

Temperature  alternation. 


3C. 


2  5  tO  40  . 

3°  to  45 . 
35  to  50. 


Approxi- 
mate mean 
tempera- 
ture. 

Average 
percentage 
of  germi- 
nation. 

°c. 
29 

34 
39 

78 

88 
36 

'  Auxiliary  viability  tests  of  the  seeds  remaining  ungerminated  with  the  alternation  30°  to  450  C.  were 
made  by  removing  the  scales  and  pricking  according  to  a  method  previously  described  (//).  They  showed 
for  the  seeds  originally  put  to  germinate  an  average  viability  of  93  per  cent,  which  is  only  4  per  cent 
greater  than  the  germination  without  special  treatment. 
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With  the  extremely  warm  temperature  alternation,  350  to  500  C,  the 
percentage  of  germination  was  low  and  the  majority  of  the  seedlings 
failed  to  make  normal  growth. 

Concurrent  germination  tests  of  the  six  lots  of  seeds  whose  germina- 
tion is  represented  in  Figure  6  were  made  also  at  150,  450,  and  500  C. 
and  with  the  temperature  alternation  400  to  550.  Less  than  1  per  cent 
germinated  at  150  C,  and  these  made  but  little  growth.  At  the  higher 
temperatures  none  germinated  in  six  days.  These  seeds  were  then 
given  the  temperature  alternation  250  to  400  C.  for  seven  days,  followed 
by  viability  tests  4  with  the  alternation  300  to  45 °  C.  Viability  tests 
showed  that  all  but  a  fraction  of  1  per  cent  had  been  killed  by  six  days ' 
exposure  to  500  C.  or  the  alternation  400  to  55  °.  A  temperature  of  45 °  C. 
for  six  days  had  killed  more  than  half  of  the  seeds  of  some  of  the  lots, 
but  only  a  few  of  the  seeds  of  other  lots.  The  seedlings  produced  were 
relatively  weak. 

Differences  between  individual  lots  of  seed 

Different  lots  of  Johnson  grass  seed  vary  greatly  in  the  readiness 
with  which  they  germinate,  and  it  has  been  found  that  poorly  germi- 
nating lots  are  more  sensitive  to  temperature  conditions  than  lots  which 
germinate  more  readily.  This  is  illustrated  in  Figure  7  which  repre- 
sents the  total  germination  in  16  days  of  two  of  the  lots  included  in  the 
averages  for  Figure  6.  No.  8599  was  grown  at  Arlington  Farm,  Va., 
and  gave  a  fairly  ready  germination.  The  San  Antonio  lot  was  col- 
lected from  wild  plants  near  San  Antonio,  Tex.,  and  gave  poor  germina- 
tion. While  the  general  shape  of  the  two  graphs  in  Figure  7  is  the 
same,  favorable  alternations  and  especially  the  best  alternation,  300  to 
450  C.  showed  greater  advantage  over  constant  temperatures  and  less 
favorable  alternations  in  the  case  of  the  San  Antonio  lot  than  in  the 
case  of  the  other  lot.  Viability  tests  5  showed  94  per  cent  of  the  San 
Antonio  lot  and  95  per  cent  of  the  other  lot  to  be  alive  and  capable  of 
producing  vigorous  seedlings. 

Effect  of  removal  of  the  scales 

The  effect  of  removal  of  the  scales  (glumes,  or  hulls)  upon  the  germina- 
tion of  Johnson  grass  caryopses  has  already  been  pointed  out  (11).  The 
effect  is  illustrated  in  Figure  8,  which  shows  the  average  percentage  of 
germination  in  13  days  of  two  lots  of  seed  intact  and  with  the  scales 
removed.  The  increase  in  germination  as  a  result  of  removing  the  scales 
is  especially  noteworthy  at  the  warm  constant  temperatures  300,  35 °, 
and  400  C. 

In  the  preceeding  section  it  was  shown  that  readily  germinating  lots 
were  less  sensitive  to  temperature  conditions  than  lots  which  germinated 
poorly.  Increasing  the  readiness  with  which  a  given  lot  germinates 
and  at  the  same  time  diminishing  its  sensitiveness  to  temperature  con- 
ditions by  removal  of  the  scales  merely  constitutes  a  special  case  of  the 
previous  rule.  The  rapidity  of  germination  also  is  greatly  increased  by 
removal  of  the  scales. 

*  See  footnote  on  page  307. 
'  See  footnote  on  page  307. 
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Fig.  7. — Percentages  of  germination  in  16  days  of  two  lots  of  Johnson  grass  seed  under  12  temperature 

conditions. 
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Fig.  8. — Average  percentages  of  germination  of  two  lots  of  Johnson  grass  seed,  intact  and  with  scales 

removed. 
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Effect  of  various  lengths  of  time  at  the  warmer  temperature  of  an  alternation 

Six  lots  of  seed  were  germinated  with  temperature  alternations  of 
250  to  400  C.  and  300  to  450  C,  in  which  the  seeds  were  in  the  warmer 
chamber  two,  four,  six,  and  eight  hours  each  day.  Figure  9  shows  the 
average  germination.  The  numerals  in  the  position  of  exponents  to  the 
temperature  conditions  at  the  top  of  the  figure  indicate  the  number  of 
hours  at  the  warmer  temperatures.  This  figure  illustrates  again  the 
fact  noted  in  connection  with  Figure  6,  that  germination  is  more  rapid 
during  the  first  few  days,  proceeds  at  a  more  nearly  uniform  rate,  con- 
tinues for  a  longer  time,  and  reaches  a  higher  total  percentage  with  the 
alternations  300  to  450  than  with  the  alternations  250  to  400.  Eight 
hours  daily  at  45 °,  however,  reduced  the  rapidity  of  germination  in  the 
first  two  days  below  that  with  the  alternations  250  to  400.  The  rapidity 
of  germination  with  the  alternations  250  to  400  increased  regularly  as 
the  length  of  time  in  the  warmer  germinating  chambers  increased. 

Differences  in  response  of  individual  lots  of  seeds  to  these  eight  tem- 
perature conditions  are  shown  in  Figure  10  which  gives  the  percentages 
of  germination  of  three  lots  of  seed  in  13  days. 

No.  8604  was  a  readily  germinating  lot  composed  of  seed  about  10 
months  old.  The  germination  of  this  lot  was,  within  the  limits  of  experi- 
mental error,  identical  under  all  eight  temperature  conditions. 

No.  141 7  was  about  2  years  old.  It  germinated  much  better  with  the 
alternations  300  to  45 °  C.  than  with  the  alternations  250  to  400,  but  showed 
little  difference  according  to  the  length  of  time  in  the  warmer  chamber. 

The  lot  designated  "San  Antonio,  191 7,"  was  harvested  from  wild 
plants  near  San  Antonio,  Tex.,  a  few  weeks  before  the  tests  were  made 
and  had  not  after-ripened.  In  contrast  to  No.  141 7,  this  lot  germinated 
better  with  the  alternations  250  to  400  C.  than  with  those  300  to  450; 
with  both  sets  of  alternations  the  percentage  of  germination  decreased 
with  increase  in  the  length  of  time  in  the  warmer  chamber.  At  the  end  of 
13  days  this  lot  of  seed  was  still  germinating  at  the  rate  of  about  %  per 
cent  per  day,  more  rapidly  with  the  alternations  300  to  45  °  C.  than  with 
the  alternations  25 °  to  400,  so  that  the  germination  with  the  two  sets 
of  alternations  would  have  become  more  or  less  equalized  with  longer 
germination  period.  Whether  the  difference  between  this  lot  and  No.  141 7 
is  characteristic  of  differences  between  old  seed  and  fresh  seed  not  after- 
ripened  is  not  known.  Seed  from  the  same  locality  as  the  San  Antonio  lot, 
collected  one  year  earlier  and  tested  at  the  same  time,  germinated  better 
with  all  four  of  the  alternations  between  300  and  45  °  C.  than  with  the 
alternations  between  250  and  400,  in  this  respect  resembling  No.  141 7. 
Furthermore,  it  is  known  that  the  germination  temperatures  of  some 
seeds  change  with  the  progress  of  after-ripening.  At  any  rate  the  differ- 
ences obtained  here  illustrate  the  apparent  impossibility  of  finding  any 
single  temperature  condition  which  will  be  the  optimum  for  every  indi- 
vidual lot  of  seed,  regardless  of  its  peculiarities  or  its  previous  history. 
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Fig.  9. — Percentages  of  germination  of  two  after-ripened  lots  and  one 
fresh  lot  of  Johnson  grass  seed  in  13  days  with  eight  temperature 
alternations. 
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Fig.  10. — Average  rates  and  percentagesof  germination  of  six  lots  of  John- 
son grass  seed  with  alternations  in  which  the  seeds  were  in  the  warmer 
chambers  for  different  lengths  of  time. 
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3.    PROGRESS  OF  TEMPERATURE  CHANGES  IN  RELATION  TO  GERMINATION: 

COMPARISON   WITH   FIELD  TESTS 

From  December,  191 1,  to  May,  1912,  germination  tests  were  made 
with  about  30  kinds  of  seed,  mentioned  on  p.  322,  under  11  different 
temperature  alternations. 

j!  Kentucky  bluegrass  seed  was  tested  in  the  Jacobson  apparatus  (4); 
and  the  other  kinds  were  placed  between  blotters  or  on  top  of  blotters, 
according  to  the  size  of  the  seeds.     Each  chamber  was  constantly  filled 


Fig.  11. — Median  section  of  a  germinating  chamber:  (a),  pan  of  water; 
(b),  ledges  to  support  seed  trays;  (c),  seed  trays  (numbered  from  i  to 
8);  (d) ,  thermo-regulator;  (e)  water  jacket;  (/),  burner;  (?),  cold-water 
pipe;  (h),  perforated  copper  plate;  (i)  overflow  pipe;  (k),  icebox;  (I) 
thermometer. 

to  its  capacity.  At  the  same  time  a  study  was  made  of  the  progress  of 
temperature  changes  in  several  different  parts  of  the  chambers.  These 
temperature  records  were  supplemented  later  by  a  more  detailed  study 
of  temperature  changes  in  a  much  larger  number  of  positions  in  chambers 
filled  with  moistened  blotters,  as  when  the  germination  tests  were  in 
progress,  but  this  time  without  the  seeds.  From  these  records  time- 
temperature  curves  were  constructed.  Before  considering  these  curves, 
and  in  order  to  make  their  significance  clear,  it  is  well  to  introduce  a 
brief  description  of  the  germinating  chambers. 
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GERMINATING  CHAMBERS 

All  of  the  germination  tests  were  made  in  copper  chambers  surrounded, 
except  the  door,  by  a  water-jacket  space,  the  water  in  this  space  being 
the  medium  of  temperature  control.  Figure  1 1  shows  one  of  the  cham- 
bers in  median  vertical  section. 

The  interior  space  of  each  germinating  chamber  is  approximately^  a 
20-inch  cube.  A  pan  of  water  (a)  in  the  bottom  of  this  space  maintains 
a  nearly  saturated  atmosphere  in  the  chamber.  At  intervals  of  2  inches 
on  the  sides  of  the  chamber  are  copper  ledges  (b)  for  the  reception  of 
perforated  copper  trays  (c)  which  carry  the  seeds  and  which  in  the  figure 
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Fig.  12. — Diagram  of  a  seed  tray  with  folded  blotters.    The  blotters  are  numbered  from  i  to  12. 

are  numbered  from  i  to  8,  beginning  at  the  top.  The  gas  for  heating  the 
chamber  passes  through  the  thermo-regulator  (d),  which  is  inserted  in 
the  water  jacket  (e)  and  thence  to  the  burner  (/).  The  water  for  cooling 
the  chamber  enters  the  water  jacket  through  the  rubber  tube  (g)  and  the 
perforated  copper  sheet  (h) .  The  overflow  passes  out  through  the  waste 
pipe  (i).  Whenever  necessary,  ice  was  placed  in  the  ice  box  (k)  and  the 
water  passed  over  it  before  entering  the  water  jacket.  The  thermometer 
(I)  indicates  the  temperature  of  the  air  in  the  extreme  top  of  the  chamber. 
Each  seed  tray  except  No.  8,  on  which  bluegrass  seed  was  tested  with 
the  use  of  the  Jacobson  apparatus,  received  12  folded  blotters  (4  thick- 
nesses) for  the  small  seeds,  which  were  tested  on  top  of  blotters,  and  24 
(8  thicknesses)  for  the  larger  seeds,  which  were  tested  between  blotters 
in  duplicates  placed  on  top  of  each  other.  Figure  12  shows  the  arrange- 
ment of  the  blotters  upon  a  seed  tray. 
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3  4 

HOURS 
FROM     T/ME     HEAT/NG  WAS  BEGUN 

Fig.  13.— Curves  showing  changes  of  temperature  on  top  of  wet  blotters  in  different  parts  of  a 
germinating  chamber  which  was  heated  by  a  gas  flame  below  for  four  hours  and  then  rapidly 
cooled  by  ice  and  cold  water  above  for  three  hours. 
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TEMPERATURE  CHANGES   WITHIN   THE   GERMINATING  CHAMBERS 

As  was  anticipated,  the  temperature  changes  varied  considerably  in 
different  parts  of  any  given  chamber.  The  heat  imparted  to  the  wet 
blotters  and  the  seeds  passed  inward  from  the  copper  walls  of  the  cham- 
ber; in  cooling  them  the  radiation  was  in  the  opposite  direction.  Natu- 
rally, the  temperature  changed  more  rapidly  and  therefore  attained 


HOURS.   FROM  T/ME    HEAT/NG  WAS  BEGUN  . 

Fig.  14. — Curves  showing  changes  of  temperature  within  wet  blotters  in  a  germinating  chamber 
which  was  heated  three  hours,  then  held  at  a  nearly  constant  temperature  for  three  hours,  and 
finally  cooled  during  three  hours. 

wider  extremes  near  the  top,  bottom,  and  side  walls  of  the  chamber 
than  near  the  center  of  the  chamber.  Furthermore,  the  rates  of  heating 
and  cooling,  especially  of  the  seeds  in  the  central  parts  of  a  chamber, 
were  more  rapid  when  only  four  thicknesses  of  blotting  paper  were  used 
on  each  tray  than  when  eight  thicknesses  were  used,  and  were  more  rapid 
in  the  air  between  the  seed  trays  than  within  the  blotters  themselves. 
These  differences  are  illustrated  in  Figures  13,  14,  15,  and  16. 
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Figure  13  shows  the  temperature  changes  as  read  from  thermometers 
whose  bulbs  rested  on  top  of  four  thicknesses  of  wet  blotting  paper  in 
four  different  positions  in  a  chamber  which  was  heated  by  a  gas  flame 
below  for  four  hours  and  then  immediately  cooled  for  three  hours  by 
means  of  ice  and  water  above.  The  eight  trays  were  completely  covered 
with  four  thicknesses  of  folded  blotters. 

The  curve  for  position  3  on  tray  1  (near  three  walls  of  the  water 
jacket)  represents  the  most  rapid  and  that  for  position  1  on  tray  5  (near 
the  center  of  the  chamber)   very  nearly  the  least  rapid  temperature 


2  3  4  5  6  7  8  9  10 

HOURS    FROM    r/M£    Of     TRANSFERRING     TO     TUB    WARM     CHAMBER 

Fig.  15.— Curves  showing  temperature  changes  within  wet  blotters  when  these  were  transferred 
two  germinating  chambers  at  fixed  temperatures. 

changes  occurring  in  any  part  of  the  chamber,  the  curve  for  position  2 
on  tray  1  (near  the  middle  of  the  insulated  door)  represents  the  least 
rapid  temperature  changes  for  that  tray;  and  the  curve  for  position  1 
on  tray  8  (directly  over  the  middle  of  the  pan  of  water)  represents  a 
relatively  slow  rate  of  heating  and  cooling,  combined  with  a  period  longer 
than  in  any  other  part  of  the  chamber,  during  which  the  temperature 
was  nearly  constant  in  the  neighborhood  of  the  maximum  temperature 
for  that  position. 

The  extremes  of  temperature  in  different  parts  of  the  chamber  were 
i.6°  C.  apart  before  the  heating  was  begun,  3.20  when  heating  was  dis- 
continued, and  4.50  at  the  end  of  the  7-hour  period.  With  the  discon- 
tinuance of  rapid  cooling  at  the  end  of  7  hours,  of  course  the  temperature 
in  different  parts  of  the  chamber  became  gradually  equalized  so  that 
the  temperature  curves  would  converge  if  continued  beyond  the  7-hour 
period. 
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For  a  number  of  alternations  the  temperature  of  a  chamber,;as  indi- 
cated by  the  thermometer  in  its  top,  was  held  at  about  its  highest  point 
for  some  time  before  cooling  was  begun.     In  these  cases,°"as  shown^in 


HOURS,  FROM  T/ME  HEAT/NG  WAS  BEGUN 

Fig.  16. — Curves  showing  temperature  changes  in  four  positions  on  top  tray  of  a  chamber  which 
was  heated  and  cooled.  Thermometer  bulbs  No.  i  and  3  were  within  wet  blotters;  No.  2  and  4 
were  in  the  air  about  one-eighth  inch  above  wet  blotters. 

Figure  14,  the  curves  representing  temperature  changes  within  the 
chambers  became  broad  and  round  at  the  top,  instead  of  sharp  and 
narrow  as  in  Figure  13,  and  the  highest  temperature  reached  within  the 
blotters  was  nearly  the  same  in  all  parts  of  the  chamber.     Figure  14 
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shows  the  temperature  for  a  number  of  hours  within  folded  blotters  near 
the  middle  of  trays  1,2,  and  6,  and  also  the  temperature  indicated  by 
the  thermometer  in  the  top  of  the  chamber.  The  effect  is  that  of  broad- 
ening the  curves  and  displacing  them  to  the  left  as  viewed  downward 
from  the  top  tray. 

Three  of  the  eleven  alternations  were  secured  by  transferring  the  seed 
trays  with  the  seeds  upon  them  between  two  germination  chambers  con- 
stantly maintained  at  fixed  temperatures.  In  this  case  the  temperature 
changes  taken  altogether  were  more  nearly  identical  in  different  parts  of 
the  chambers,  and  approximate  equilibrium  in  temperature  between  the 
different  parts  of  the  chambers  was  assumed  much  more  quickly  than  in 
the  two  types  of  alternations  previously  discussed.  Figure  15  shows 
the  temperature  changes  within  wet  blotters  near  the  middle  of  trays  2 
and  6  in  such  an  alternation. 

Figure  16  shows  much  more  rapid  cooling  of  the  air  in  the  top  of  a 
chamber  which  is  being  cooled  by  ice  and  cold  water  above  than  within 
the  blotters  on  the  seed  tray  just  below  this  layer  of  air.  Such  differ- 
ences as  here  shown  might  be  significant  in  determining  whether,  in  a 
given  case,  a  given  kind  of  seed,  for  instance  celery,  will  germinate  better 
between  blotters  or  on  top  of  blotters. 

COMPARISON   OF  THE   DIFFERENT  TEMPERATURE   ALTERNATIONS 

While  the  differences  in  the  progress  of  temperature  changes  between 
different  parts  of  a  given  chamber  were  frequently  large,  they  were 
always  less  than  the  differences  in  the  same  part  of  different  chambers 
which  were  used  for  different  alternations.  For  the  purpose  of  com- 
paring the  temperature  changes  in  the  different  alternations,  a  position 
near  the  center  of  tray  6  was  selected.  Figure  17  shows  the  time- 
temperature  curves  for  this  position  in  all  11  alternations,  which  are 
numbered  from  1  to  11  for  convenience.  The  curves  were  drawn  from 
actual  observations  for  the  first  15  hours  and  were  projected  for  the 
remaining  9  hours  of  the  day.  Since  the  initial  temperature  varied  in 
each  case  a  few  tenths  of  i°  C.  from  day  to  day  but  was  always  very 
near  200,  the  curves  have  been  slightly  rectified  so  as  to  begin  each  at 
exactly  200. 

Alternations  No.  1  to  3  were  obtained  by  transferring  between  two 
chambers  at  fixed  temperatures;  No.  4  to  6,  8,  and  10  by  heating  and 
then  immediately  cooling  a  single  chamber;  No.  7  and  9,  by  heating  a 
chamber  and  then  holding  it  for  three  hours  at  the  highest  temperature 
reached  before  beginning  to  cool  it;  No.  11  was  obtained  by  heating  a 
chamber  and  then  allowing  the  temperature  to  fall  naturally,  without 
artificial  cooling.  The  rates  of  heating  and  cooling  were  approximately 
the  same  from  day  to  day  in  any  one  alternation.  In  all  alternations 
after  the  temperature  had  fallen  to  200  C.  it  was  held  nearly  constant 
until  heating  was  begun  the  next  day. 

The  alternations  differed  widely  in  maximum  temperature  attained, 
mean  daily  temperature,  and  rate  of  cooling;  but  the  heating  was  relatively 
rapid  in  all  cases  and  the  minimum  temperature  was  the  same  in  all  cases. 
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Fig.  17.— Curves  showing  temperature  changes  near  the  middle  of  tray  No.  6  in  n  alternations  of 

temperature. 
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GERMINATION   WITH  THE   DIFFERENT  ALTERNATIONS 

i.  Seeds  which  germinated  equally  well  with  all  alternations 

Seeds  of  carrot,  cucumber  {Cucumis  sativus  L.),  muskmelon  {Cucumis 
melo  L.).  millet  {Chaetochloa  italica  (L.)  Scribn.),  onion  {Allium  cepa  L.), 
parsley,  redtop,  sorghum  {Holcus  sorghum  L-),  timothy,  and  watermelon 
{Citrullus  vulgaris  Schrad.)  germinated  with  equal  completeness  with  all 
of  the  temperature  alternations  from  No.  2  to  No.  11.  They  were  not 
tested  with  alternation  No.  1 . 

Seeds  of  bean  {Phaseolus  vulgaris  L.),  beet  {Beta  vulgaris  L-),  upland 
cotton  {Gossypium  hirsutum  L,.),  cowpea  {Vigna  sinensis  (Torner)  Savi), 
flat  pea  {Lathyrus  sativus  L.),  flax  {Linum  usitatissimun  L-),  hemp 
{Cannabis  sativus  L-),  meadow  fescue,  milo  {Holcus  sorghum  L.),  orchard 
grass,  pea  {Pisum  sativum  L.),  rice  {Oryza  sativa  L.),  perennial  rye  grass, 
soy  bean  {Soja  max  (L.)  Piper),  black  bitter  vetch  {Vicia  ervilia  (L.) 
Willd.)  were  tested  only  with  alternations  Nos.  3,  5,  6,  7,  and  9  but 
germinated  with  equal  completeness  with  all  of  these  alternations. 

Some  of  the  kinds  of  seed  mentioned  in  the  two  preceding  paragraphs 
have  been  shown  in  the  earlier  pages  of  this  paper  to  germinate  equally 
well  and  others  almost  as  well  at  constant  temperatures  as  with  any 
alternation  (see  fig.  1,  and  p.  297). 

2.  Seeds  which  did  not  germinate  equally  well  with  all  alternations 

This  class  includes  only  three  of  the  kinds  of  seed  used  in  this  part  of 
the  investigation;  celery  and  bluegrass,  which  have  already  been  shown 
strictly  to  require  alternations  of  temperature  for  their  best  germination 
(see  fig.  3  and  4  and  text  p.  299) ,  and  tomato  {Lycopersicum  esculcntum 
Mill.).  Table  III  shows  the  average  percentages  of  germination  of  several 
lots  of  these  three  kinds  of  seed,  together  with  a  summary  of  the  important 
features  of  each  alternation,  as  shown  by  the  time  temperature  curves  of 
Figure  17.  The  germination  period  was  10  days  for  tomato,  26  days  for 
Kentucky  bluegrass,  and  27  days  for  celery. 

The  percentage  of  germination  of  each  kind  of  seed  showed  no  definite 
correlation  with  the  extreme  or  mean  temperatures  of  the  alternations 
or  with  the  shape  (whether  narrow  and  abrupt  or  broad  and  rounded) 
of  the  upper  part  of  the  curves  in  Figure  17.  There  was,  however,  a 
definite  relation  between  percentages  of  germination  and  rate  of  cooling, 
as  shown  by  the  temperature  at  the  end  of  15  hours,  the  number  of  hours 
of  the  day  during  which  the  temperature  recorded  was  below  22. 50  C, 
and  the  number  of  hours  at  200  —  changes  shown  by  the  abrupt  or  gradual 
fall  of  the  right  arm  of  the  corresponding  curves  in  Figure  17. 

It  must  be  admitted  that  the  curves  in  Figure  17,  which  represent 
temperatures  within  blotters  near  the  middle  of  the  chambers,  do  not 
accurately  represent  the  temperature  changes  occurring  on  top  of  blotters 
in  the  positions  in  which  celery  and  bluegrass  seeds  were  tested.  It  has 
already  been  shown,  however  (see  fig.  13  and  17  and  text,  p.  320),  that 
temperature  differences  in  any  one  chamber  in  a  given  alternation  were 
less  than  the  characteristic  differences  between  the  different  alternations. 
In  all  these  tests  the  chambers  were  equally  filled  and  each  sample  occu- 
pied the  same  position  within  the  chamber  in  each  test.  Irregularities 
due  to  varying  positions  are  therefore  eliminated,  and  the  conclusion  is 
justified  that  an  elevated  temperature  should  not  be  long  maintained. 
This  agrees  with  the  results  of  the  reverse  alternations  discussed  on 
page  305. 
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Table  III. — Germination   of  celery,    Kentucky   bluegrass,   and   tomato   seed  with 

II  temperature  alternations 


Alternation  number. 


Approximate     maximum     tem- 
perature (°  C.) 

Approximate  mean  temperature 
(°C.) 

Temperature  at  end  of  15  hours 
(°C.) 

Number  of  hours  below  22.50  C. 

Number  of  hours  at  200  C 

Celery: 

5  lots  of  good  seed 

3  lots  of  poor  seed 

Kentucky  blue  grass: 

7  lots 

Tomato : 

4  lots 


u  o  _, 
<u      5 

o.    .2 

..  «| 

u    ^    *- 

u  v  u 


27-5 
21.5 

20 

15 


65 


28.5 

21.5 

20 
19 
15 

78 
39 

68 


29-5 

22.5 

20 
16 
12 

76 
33 

64 

73 


33-  o 
22.  o 

20 
18 

iS 

78 
35 

64 


28.5 

22.5 

21.5 
14 
4 

74 
36 

63 
7i 


33-  o 
24.  o 
22.  o 

12 

3 

73 
35 

61 
68 


28.5 

23-5 

22.3 
11 
3 

72 

27 

59 
66 


8 


29-5 

23-5 

22.  2 
11 

3 

66 

24 

58 


32-5 

25-5 

23.0 
10 
2 

67 
20 

60 
59 


.023 

24-5 

22.  7 
10 
2 

67 
26 

59 


59-  o 
24-5 

23.8 
8 

(«)' 

43 
16 

50 


0  The  temperature  in  this  alternation  sometimes  did  not  fall  to  200  C.  in  the  entire  24  hours. 

For  best  germination  of  the  three  kinds  of  seed  here  considered  the 
temperature  after  its  initial  rise  to  a  higher  degree  should  fall  at  least 
as  low  as  21.50  C.  within  15  hours  from  the  time  the  heating  was  begun, 
should  be  below  22.50  for  at  least  12  hours  of  the  day,  and  should  be 
as  low  as  200  for  several  hours  each  day.  These  results  could  be 
attained  by  the  method  of  transferring  between  two  germinating  cham- 
bers at  fixed  temperatures  even  if  the  seeds  were  kept  as  long  as  10 
hours  in  the  warmer  chamber.  While  such  alternations  were  not  used 
in  this  investigation  the  indications,  both  from  the  work  on  tomato  seed 
recorded  in  this  paper  (Table  III)  and  from  Vanha's  work  (21),  are 
that  the  longer  period  at  the  higher  temperature  would  be  injurious. 

Altogether  the  investigation  revealed  an  unexpectedly  large  degree  of 
tolerance  to  a  wide  range  of  conditions  in  temperature  alternations  on 
the  part  of  celery  and  bluegrass  seed. 

The  method  of  transferring  between  two  germinating  chambers  at 
fixed  temperatures  is  much  simpler  to  operate  than  heating  and  cooling 
a  single  chamber,  on  account  of  the  difficulties  in  the  way  of  accurate 
temperature  control  in  the  latter  case;  it  involves  more  uniform  condi- 
tions throughout  an  entire  chamber  and  from  day  to  day,  and  it  gives 
at  least  as  good  results.  It  is  therefore  decidedly  preferable  to  the  other 
method. 

3.  Rapidity  of  germination 

Celery  and  bluegrass  seed  germinated  most  rapidly  with  those  alterna- 
tions of  temperature  which  also  gave  most  complete  germination  and 
least  rapidly  with  those  alternations  which  gave  least  complete  germina- 
tion. Here,  as  in  the  earlier  comparisons  between  alternations  and 
constant  temperatures  (see  p.  301),  the  special  effect  of  a  favorable 
alternation  of  temperatures  predominates  over  the  effect  of  low  or  high 
mean  temperatures.  This  is  in  marked  contrast  to  the  temperature 
responses  of  constant-temperature  germinators. 

Parsley  seed  germinated  more  rapidly  with  alternation  No.  5  than 
with  a  warmer  alternation  or  with  either  more  rapid  or  less  rapid  cooling. 

All  other  kinds  of  seed  germinated  more  rapidly  with  the  warm  than 
with  the  cool  alternations.  The  differences  were  related  to  the  rate  and 
extent  of  cooling,  the  mean  temperature,  and  the  proportion  of  each 
day  at  a  comparatively  warm  temperature,  and  were  not  related  to  the 
maximum  temperature  occurring  in  the  alternation.    Usually  germination 
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was  most  rapid  with  alternation  No.  9  and  least  rapid  with  alternation 
No.  4,  although  the  upper  temperature  extreme  was  practically  the  same 
in  the  two  alternations. 

The  germination  of  the  seeds  of  the  cucurbits  was  especially  accelerated 
by  the  warm  alternations.  The  average  percentage  of  germination  of 
watermelon  seed  in  three  days  was  66  with  alternation  No.  9  and  only 
6  with  alternation  No.  4. 

4.  Uniformity  of  results  with  favorable  alternations 

Some  lots  of  seed  are  much  more  sensitive  to  temperature  conditions 
than  other  lots  of  the  same  kind.  Consequently,  while  the  most  favorable 
temperature  conditions  give  with  every  lot  approximately  the  maximum 
germination  attainable,  less  favorable  conditions  (for  general  use)  may 
give  equally  good  results  with  some  lots  and  very  poor  results  with 
others.  A  really  very  good,  but  temperature-sensitive,  lot  of  seed  may 
thus  under  slightly  unfavorable  temperature  conditions  germinate  more 
poorly  than  a  very  poor  lot  which  is  not  markedly  sensitive  to  temperature 
conditions.  It  is  impossible  to  say  just  what  constitutes  this  different 
temperature  sensitiveness  of  different  lots  of  the  same  kind  of  seed,  but 
it  frequently  becomes  evident.  It  was  strikingly  exemplified  by  the 
celery  seed  used  in  this  investigation.  This  suggests  the  possibility 
that  some  of  the  kinds  of  seed  which  in  this  investigation  germinated  as 
well  with  constant  as  with  alternating  temperatures  may,  under  some 
circumstances — for  instance,  incomplete  after-ripening— germinate  better 
with  an  alternation. 

Figure  18  shows  the  germination  of  eight  lots  of  celery  seed  with 
four  temperature  alternations  Nos.  2,3,  and  4,  which  were  very  favor- 
able alternations,  and  No.  11,  which  was  unfavorable.  The  curve  for 
alternation  No.  5  would  follow  almost  exactly  the  course  of  that  for 
alternation  No.  2.  Celery  seed  No.  87602,  though  one  of  the  best  ger- 
minators  under  favorable  conditions,  germinated  less  than  half  as  much 
as  the  poorest  lot  when  tested  with  alternation  No.  11. 

The  difference  in  sensitiveness  of  different  lots  to  temperature  con- 
ditions is  even  more  strikingly  shown  in  Figure  19,  which  shows  the 
germination  of  three  lots  of  celery  seed  with  10  temperature  alternations. 

COMPARISON   WITH  THE   RESULT   OF  FIELD  TESTS  6 

Temperature  changes  in  the  soil  during  the  spring  and  early  summer 

Several  years  ago,  in  connection  with  a  series  of  field  tests  of  various 
kinds  of  seed,  records  were  kept  of  the  temperature  of  the  soil  at  various 
depths  on  Potomac  Flats,  near  Washington,  D.  C.  The  period  covered 
by  the  tests  was  from  March  26  to  June  28,  inclusive.  Nearly  every 
day  during  this  period  temperature  observations  were  taken  at  intervals 
of  from  15  to  30  minutes,  beginning  at  4.30  a.  m.  and  continuing  to 
about  10.30  p.  m. 

From  March  26  to  April  22  the  temperature  of  the  soil  at  a  depth 
of  1  inch  was  always  below  300  C.  and  on  several  different  days  did  not 
not  become  as  warm  as  200.  The  period  from  April  22  to  May  1  was 
somewhat  warmer,  but  the  temperature  of  the  soil  at  1  inch  was 
never  above  310.  and  on  one  day  barely  reached  200.  On  18  of  the 
28  days  in  May  for  which  there  are  records  the  daily  range  was  from 
200  or  cooler  to  300  or  warmer.  The  other  10  days  for  which  there  are 
records  were  cooler.     From  June  1   to  7  and  from  June  11  to   15  the 

6  The  data  (or  soil  temperatures  and  seedling  production  used  in  this  comparison  are  from  unpublished 
notes  furnished  by  Mr.  E.  Brown,  botanist  in  charge  of  the  seed-testing  laboratories. 
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weather  was  very  warm.     The  temperature  of  the  soil  for  the  rest  of 
June  was  only  slightly  warmer  than  in  May. 

The  temperature  range  for  24  hours  at  a  depth  of  1  inch  was  nearly 
always  more  than  io°  C,  averaged  about  160,  and  not  infrequently 
amounted  to  as  much  as  200.  The  smallest  range  on  any  day  was 
6°  and  the  largest  23. 50. 


/OO 


\ 


Fig.  18.— Percentages  of  germination  of  eight  lots  of  celery  seed  with  four  alternations  of  temperature. 

Seedling  production  in  the  field 

Beginning  with  March  26,  field  tests  were  started  every  two  or  three 
days  until  early  in  June,  seed  from  the  same  lots  always  being  used. 
In  each  test  500  seeds  of  each  lot  were  planted,  and  a  record  was  kept 
of  the  number  of  days  before  the  appearance  of  the  first  seedlings  and 
of  the  number  of  seedlings  appearing  at  intervals  of  a  few  days  thereafter. 
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Of  the  seeds  used  in  this  field  investigation,  those  of  beans,  beet, 
muskmelon,  onion,  parsley,  peas,  squash,  tomato,  and  watermelon  were 
included  also  in  the  chamber  tests  with  different  alternations  of  tempera- 
ture previously  discussed.  It  will  be  remembered  that  all  of  these  except 
tomato  germinated  with  equal  completeness  in  all  of  the  chamber  tests 
but  that  the  rapidity  of  germination  varied  according  to  the  character 
of  the  alternation. 

The  bean,  beet,  onion,  parsley,  pea,  and  tomato  seeds  produced  the 
first  seedlings  in  the  smallest  number  of  days  during  the  moderately  warm 
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weather  of  May  or  during  the  latter  half  of  June,  when  the  temperature 
was  similar  to  that  in  May.  Muskmelon,  squash,  and  watermelon  seeds 
produced  the  first  seedlings  in  the  smallest  number  of  days  during  the 
very  warm  weather  of  the  first  half  of  June. 

It  should  be  remembered  in  this  connection  that  the  production  of 
seedlings  in  the  field  involves  not  only  the  germination  of  the  seeds 
but  the  piercing  of  the  overlying  soil  by  the  young  seedlings — a  process 
which  reflects  the  vigor  of  growth  of  the  seedlings  and  may  be  retarded 
by  excessively  high  temperatures,  even  when  these  same  temperatures 
hasten  germination  as  with  Johnson  grass  seed  (see  p.  307).  Since, 
however,  the  seedlings  of  the  kinds  of  seeds  here  considered  appeared 
normal  and  vigorous  in  all  the  alternations  and  also  in  the  field,  and 
since  the  chamber  conditions  giving  most  rapid  germination  gave  also 
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most  complete  germination,  the  rapidity  of  germination  in  the  chambers 
has  been  adopted  as  a  basis  for  comparison  with  the  promptness  of 
seedling  production  in  the  field.  The  total  percentage  of  seedling  pro- 
duction is  not  considered  here,  because  it  is  dependent  upon  other 
factors  besides  temperature  conditions  and  does  not  allow  of  reliable 
comparisons  in  this  connection. 

COMPARISON  OF  SOIL  TEMPERATURES  WITH  TEMPERATURES  IN  GERMINATING  CHAMBERS 

Figure  20  shows  the  time-temperature  curves  of  three  of  the  alterna- 
tions which  are  represented  in  Figure  17,  in  comparison  with  those  for 
the  soil  at  the  depth  of  1  inch  for  four  of  the  days  during  which  the 
field  tests  were  in  progress. 

The  curves  for  April  16  and  April  29  show  the  widest  and  the  nar- 
rowest daily  range  in  soil  temperature  occurring  during  the  investigation. 
Both  of  these  days  came  within  a  cool  period  of  very  slow  seedling  pro- 
duction. The  curves  for  May  18  and  June  27  fairly  represent  the  soil 
temperature  during  the  2  periods — the  larger  part  of  the  month  of  May 
and  the  latter  part  of  June — during  which  the  majority  of  the  kinds 
of  seed  produced  seedlings  most  promptly. 

The  soil  temperature  curves  for  May  18  and  June  27  are  similar  in 
shape  and  range  to  those  for  chamber  temperatures  yet  show  some 
characteristic  differences:  (1)  The  lower  temperature  is  well  below 
200  C.  and  the  range  is  therefore  greater;  (2)  the  rate  of  cooling  is  less 
rapid  than  in  case  of  the  alternations  which  were  secured  by  transfer 
between  two  chambers  (No.  3)  and  much  more  rapid  after  about  5  p.  m. 
than  in  the  case  of  the  alternations  which  were  secured  by  heating  and  cool- 
ing a  single  chamber  (Nos.  6  and  9),  except  in  the  case  of  No.  4  (fig.  17). 
Both  of  these  soil  temperature  curves  conform  to  the  requirements  set 
for  temperature  alternations  in  chamber  tests  of  Kentucky  bluegrass, 
celery,  and  tomato  seed  (seep.  322) — that  is,  the  temperature  falls  below 
2 1. 50  in  less  than  15  hours  after  it  first  rises  above  200  and  is  below 
2 2. 50  for  more  than  12  hours  and  as  low  as  20  for  several  hours  of  the 
day.  Besides,  the  approximate  mean  temperatures  for  the  day  (230 
May  18  and  23.50  June  27)  are  just  about  the  same  as  for  some  of  the 
more  successful  alternations,  as  shown  earlier  in  this  paper,  and  are 
less  than  for  the  alternations  Nos.  9,  10,  and  11,  which  gave  lower 
total  germination,  and  in  which  the  temperature  remained  relatively  high 
during  a  large  part  of  the  day. 

COMPARISON  OF  TEMPERATURE  CONDITIONS   GIVING  MOST  RAPID  GERMINATION  IN  THE 
CHAMBERS   WITH  THOSE   GIVING   EARLIEST  SEEDLINGS   IN   THE  FIELD 

The  smallest  number  of  days  required  for  the  production  of  seedlings 
in  the  field  was  4  days  for  bean  and  muskmelon  seeds,  5  days  for  beet, 
pea,  squash,  and  tomato  seeds,  6  days  for  watermelon  seeds,  8  days  for 
onion  seeds,  and  12  days  for  parsley  seeds.  The  average  daily  range  in 
the  temperature  of  the  soil  at  a  depth  of  1  inch  during  this  period  of 
most  rapid  seedling  production  was  determined  by  adding  separately 
the  maximum  temperatures  and  the  minimum  temperatures  for  the 
separate  days  and  dividing  the  sums  by  the  number  of  days.  Table  IV 
compares  these  temperature  ranges  with  those  occurring  in  the  chambers 
in  case  of  the  temperature  alternations  giving  most  rapid  germination  and 
shows  also  in  each  case  the  approximate  number  of  hours  of  each  day 
during  which  the  temperature  remained  below  22.50  C. 

The  average  daily  range  of  temperature  for  most  rapid  seedling  pro- 
duction in   the  soil  was  in  every   case   greater    than    for    most    rapid 
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germination  in  the  chamber  tests.  With  all  except  the  cucurbits  (musk- 
melon,  squash,  and  watermelon)  the  average  daily  minimum  was  from  2° 
to  6°  C.  cooler  in  the  soil  than  in  the  chambers.  The  average  daily 
maximum  was  approximately  the  same  in  the  soil  as  in  the  chamber  in 
case  of  bean,  beet,  and  pea  seeds;  30  cooler  in  case  of  onion  seeds;  and 
3.5 °  warmer  in  case  of  parsley  and  tomato  seeds. 
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Fig.  10. — Curves  showing  soil  temperatures  for  four  days  and  chamber  temperature  with  three  alternations 

With  the  seeds  of  the  cucurbits  the  average  daily  minimum  tempera- 
ture of  the  soil  when  seedlings  appeared  most  promptly  was  the  same  as 
or  warmer  than  that  occurring  in  the  chamber  tests,  and  the  average 
daily  maximum  was  70  or  8°  C.  warmer  than  the  maximum  in  the  chamber 
test  giving  most  rapid  germination,  although  the  mean  temperature  of 
this  alternation  was  warmer  than  that  of  any  other. 


Feb  3. 19,3    Use  of  A Iternating  Temperatures  in  Seed  Germination       329 


Table  IV. — Comparison  of  temperature  conditions  giving  most  rapid  germination  in  the 
chambers  with  those  giving  earliest  seedling  production  in  the  field 


Kind  of  seed. 


Bean. 
Beet. 


Place  of  test. 


Daily  range  of 
temperatures 
giving  most 
rapid  germina- 
tion or  earliest 
seedling 
production. 


/Chamber |    20  to  33 

\Soil I    18  to  32 

/Chamber 20  to  33 


Muskmelon . 


Onion . 


Parsley . 


Pea. 


Squash . 
Tomato. 


Watermelon. 


\Soil. 
/Chamber. 

\Soil 

/Chamber. 

\Soil 

/Chamber. 

\Soil 

/Chamber. 

\Soil 

/Chamber. 

\Soil 

/Chamber. 

\Soil 

/Chamber. 
ISoil 


18  to  32 
20  to  33 
20  to  40 
20  to  33 
14  to  30 
20  to  28.  5 

17  to  32 
20  to  33 
16  to  33 
20  to  33 
23  to  41 
20  to  28.  5 

18  to  32 
20  to  33 
20  to  40 


Number 

of  hours 

below 

22K0  C. 


10 
12 
10 
11 
10 

9 
10 
16 

14 
12 
10 

14 
10 

3 

11 
11 
10 

8 


Number 
of  tem- 
perature 
altera- 
tion." 


«  See  figure  17. 

CONCLUSIONS   SUGGESTED   BY  THE  FOREGOING  COMPARISONS 

Altogether  Table  IV  and  Figure  20  show  a  close  correspondence  be- 
tween chamber  temperatures  and  soil  temperatures  which  gave  most 
prompt  germination  of  the  seeds  used.  Undoubtedly  a  similar  corre- 
spondence exists  between  the  temperature  conditions  best  fitted  for  arti- 
ficial germination  tests  of  Bermuda  grass  and  Johnson  grass  seed  (fig. 
5  and  6  and  text  p.  304-305)  and  the  soil  temperatures  during  the  period  in 
which  they  germinate  in  nature  in  the  warm  climate  of  the  places  to 
which  they  are  native. 

The  results  of  the  comparison  suggest: 

1.  For  general  use  in  conducting  germination  tests  an  alternation  of 
temperatures  covering  a  somewhat  wider  temperature  range  than  the 
customary  alternation  between  200  and  300  C,  for  instance  an  alternation 
between  200  and  32 °  C.  However,  if  the  alternation  is  secured  by  the 
method  of  transfer  between  two  germinating  chambers  at  fixed  tem- 
peratures, probably  better  results  would  be  obtained  with  many  kinds  of 
seed  by  the  use  of  a  temperature  range  less  than  that  characteristic  of 
conditions  in  the  soil,  where  the  temperature  changes  are  less  rapid  and 
the  period  during  which  the  temperature  is  near  either  extreme  is  shorter. 
In  view  of  these  considerations  and  the  additional  fact  that  the  warmer 
alternations  Nos.  9  and  10  though  giving  more  rapid  germination  in  many 
cases,  were  less  favorable  in  other  cases  than  the  cooler  alternations,  an 
alternation  similar  to  No.  3  seems  to  meet  the  theoretical  requirements  of 
approximating  with  sufficient  accuracy  what  may  be  termed  optimal 
field  conditions. 

2.  For  use  in  germination  tests  of  onion  seed  an  alternation  of  tempera- 
tures covering  a  cooler  range  than  that  of  any  of  the  alternations  with 
which  it  was  tested  in  this  investigation. 

3.  For  the  germination  of  seeds  of  the  cucurbits  an  alternation  of  tem- 
peratures covering  a  warmer  range  than  any  of  those  investigated. 

Whether  or  not  any  advantage  would  be  derived  from  any  of  these 
suggested  changes  in  method  remains  for  further  experiment  to  show. 
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SUMMARY 

(i)  Seeds  of  carrot,  parsley,  timothy,  awnless  brome  grass,  perennial 
and  Italian  rye  grasses,  meadow  fescue,  and  several  kinds  of  flower  seeds 
germinate  practically  as  well  at  favorable  constant  temperatures  as  with 
an  alternation  of  temperatures. 

(2)  Seeds  of  redtop  and  parsnip  and  sometimes  seeds  of  petunia 
germinate  somewhat  better,  and  seeds  of  celery,  orchard  grass,  Kentucky 
bluegrass,  Bermuda  grass,  and  Johnson  grass  germinate  much  better 
with  favorable  alternations  of  temperatures  than  at  constant  tempera- 
tures. The  exact  alternation  giving  best  results  depends  upon  the  kind 
of  seed  and  to  some  extent  also  upon  its  physiological  condition. 

(3)  Different  lots  of  the  same  kind  of  seed  sometimes  vary  widely  in 
temperature  sensitiveness.  It  may  therefore  be  that  some  kinds  which 
are  usually  constant-temperature  germinators  may,  under  certain  con- 
ditions, germinate  better  with  an  alternation  of  temperatures.  Incom- 
plete after-ripening  might  have  this  effect. 

(4)  Several  hypotheses  have  been  suggested  which  may  help  to  ex- 
plain the  effect  of  alternating  temperatures  upon  germination,  but  none 
of  them  can  be  considered  adequate  without  more  definite  evidence  than 
is  now  available. 

(5)  The  favorable  effect  of  an  alternation  of  temperatures  upon  the 
germination  of  certain  kinds  of  seed  can  not,  with  our  present  knowledge, 
be  referred  to  the  specific  effect  of  the  extreme  temperatures  of  the 
alternation  or  of  the  mean  temperature  of  the  alternation  but  are  the 
result  of  the  changes  in  temperature.  In  the  case  of  Kentucky  blue- 
grass  and  Johnson  grass  seed,  at  least  in  some  cases,  the  effect  of  the  mean 
temperature  of  the  alternation  supplements  the  effect  of  the  alternation 
as  such. 

(6)  On  account  of  greater  ease,  simplicity,  and  uniformity  of  tempera- 
ture control,  coupled  with  equally  good  germination  results,  the  method 
of  securing  temperature  alternations  by  transfer  between  two  germinat- 
ing chambers  at  fixed  temperatures  is  preferable  to  the  method  of  heating 
and  cooling  a  single  chamber. 

(7)  In  the  use  of  temperature  alternations  the  upper  temperature 
should  be  maintained  only  a  small  part  of  the  day,  never  more  than 
eight  hours  and  usually  not  more  than  six  hours,  and  the  change  to  the 
lower  temperature  should  then  be  fairly  rapid.  These  results  are  easily 
attainable  by  the  transfer  method. 

(8)  An  alternation  between  200  C.  for  16  to  18  hours  and  300  for  6  to  8 
hours  each  day  gives  good  results  in  the  germination  of  parsnip,  celery, 
redtop,  and  orchard-grass  seed  and  seems  to  be  an  optimum  temperature 
condition  for  germination  of  Kentucky  bluegrass  seed. 

(9)  A  large  percentage  of  at  least  some  lots  of  celery  seed  will  germinate 
at  nearly  constant  low  temperatures  (150  to  200  C),  but  germination  is 
then  so  slow  as  to  make  the  use  of  a  warmer  alternation  preferable. 

(10)  A  similar  alternation  between  200  and  350  C.  gives  good  results 
with  Bermuda  grass  seed;  an  alternation  in  a  still  warmer  temperature 
range  might  possibly  be  still  better. 

(11)  For  the  germination  of  Johnson  grass  seed  the  very  warm  alter- 
nation 300  C.  for  from  18  to  22  hours  and  45  °  for  from  2  to  6  hours  each 
day  is  best. 

(12)  Those  lots  of  Johnson  grass  seed  which  germinate  most  readily 
under  favorable  temperature  conditions  are  less  sensitive  to  temperature — 
that  is,  they  germinate  well  under  a  wider  range  of  temperature  con- 
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ditions — than  those  lots  which  germinate  less  readily  even  under  the 
most  favorable  conditions. 

(13)  A  large  percentage  of  some  lots  of  Johnson  grass  seed  will  go 
through  at  least  the  first  visible  stages  of  germination  and  some  of  the 
seeds  will  develop  apparently  healthy  seedlings  at  warm  constant  tem- 
peratures (350  to  400  C),  but  a  part  of  the  seedlings  are  abnormal  and 
capable  of  only  slight  development  at  these  temperatures  while  the 
percentages  of  germination  remain  below  those  for  favorable  alternations 
of  temperature. 

(14)  With  alternations  between  250  and  400  C.  or  between  300  and  450 
the  length  of  time  from  two  hours  to  eight  hours  during  which  the  seeds 
are  kept  in  the  warmer  chamber  has  little  effect  on  the  percentage  of 
germination  of  fully  after-ripened  Johnson  grass  seed  but  affects  the  rate 
of  germination  somewhat  more. 

(15)  Removal  of  the  scales  from  Johnson  grass  caryopses  greatly 
increases  their  germination  under  relatively  unfavorable  temperature 
conditions,  somewhat  increases  their  germination  with  the  most  favorable 
temperature  alternations,  and  considerably  accelerates  their  germination 
in  both  cases. 

(16)  The  temperature  changes  to  which  the  seeds  are  subjected  in  any 
given  alternation  vary  with  their  position  within  the  germinating  chamber 
and  with  the  method  of  testing  (whether  between  or  on  top  of  wet 
blotters)  and  are  in  no  case  exactly  the  same  as  indicated  by  a  ther- 
mometer inserted  into  the  air  in  the  top  of  the  chamber. 

(17)  The  temperature  changes  giving  best  germination  results  with  a 
large  number  of  kinds  of  seed  correspond  rather  closely  with  soil  tempera- 
tures in  the  field  under  conditions  which  induce  the  most  prompt  and 
vigorous  production  of  seedlings.  A  similar  correspondence  undoubtedly 
exists  between  the  temperature  conditions,  giving  best  results  with 
Bermuda  grass  and  Johnson  grass  seed  on  the  one  hand  and  soil  tem- 
peratures in  the  warmer  localities  to  which  these  grasses  are  native  on 
the  other  hand. 

(18)  The  results  of  field  tests  suggest  the  use  of  an  alternation  between 
about  180  and  about  320  C.  for  the  germination  of  a  large  number  of 
kinds  of  seed;  an  alternation  covering  a  lower  temperature  range  than 
200  to  300  with  onion  seed;  and  an  alternation  covering  a  considerably 
higher  temperature  range  with  seeds  of  the  cucurbits.  Without  experi- 
mental evidence,  however,  it  is  impossible  to  say  whether  or  not  any  of 
these  alternations  in  the  cases  indicated  would  have  any  advantage  over 
an  alternation  between  200  and  300. 
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WATER    CONTENT    OF    BARLEY    KERNELS    DURING 
GROWTH  AND  MATURATION1 

By  Harry  V.  Harlan,  Agronomist  in  Charge  of  Barley  Investigations,  and  MERRITT  N. 
Pope,  Agronomist  in  Barley  Investigations,  Office  of  Cereal  Investigations,  Bureau  of 
Plant  Industry,  United  States  Department  of  Agriculture 

INTRODUCTION 

In  studies  in  kernel  development  during  the  last  few  years  close 
records  have  been  kept  of  a  number  of  variables.  Several  of  these 
studies  already  have  been  published.2  Of  all  of  the  variables  observed 
the  behavior  of  water  has  been  the  most  consistent.  As  shown  in  1920,2 
the  percentage  of  water  by  days  from  the  date  of  flowering  was  practically 
identical  in  two  different  seasons  at  Aberdeen,  Idaho,  and  showed  almost 
no  fluctuation.  When  plotted,  the  percentage  was  essentially  a  straight 
line  starting  at  about  82  per  cent  and  ending  at  about  48  per  cent. 
Below  48  per  cent  the  curves  were  not  coincident.  The  uniformity  of 
these  results  indicates  a  closely  vital  relation  of  water  content  with 
growth  and  maturation.  The  results  previously  reported  have  been 
based  on  the  averages  of  a  varying  number  of  spikes  per  day.  The  wet 
weights  of  the  kernels  were  secured  individually,  but  the  dry  weights 
were  obtained  on  the  aggregate  kernels  of  each  spike.  In  the  studies  here 
reported  the  dry  weight  of  each  individual  kernel  was  obtained,  so  that 
individual  dry  weights  and  percentages  of  water  of  individual  kernels 
are  available  for  the  first  time.  For  certain  purposes  these  data  have  been 
totaled  as  before. 

MATERIAL  AVAILABLE 

Several  varieties  were  studied  in  detail.  The  earlier  attempts  were 
with  hulled  varieties.  These  were  found  to  be  unfit  because  it  becomes 
impossible  to  remove  the  lemma  and  palet  once  mechanical  drying  has 
begun.  In  these  varieties  the  sampling  became  impossible  later  than 
this  period  and,  therefore,  the  final  incidents  of  maturation  were  lacking. 
The  results  with  naked  varieties  only  are  reported  in  this  paper.  The 
growth  tables  of  three  growing  periods  were  available  for  interpretation. 
These  include  two  seasons,  19 19  and  1920,  with  the  Baku  variety,  and 
one  season,   1920,  with  the  Jet.     The  Baku  is  a  white,  naked  2-rowed 

•  Accepted  for  publication  May  20, 1922.  These  studies  were  made  on  the  Aberdeen  Substation,  Aberdeen  , 
Idaho,  in  connection  with  cereal  experiments  conducted  cooperatively  by  the  Idaho  Agricultural  Experi- 
ment Station  and  the  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United  States  Dep  artment 
of  Agriculture. 

s  Harlan,  Harry  V.  daily  development  of  kernels  op  hannchen  barley  from  flowering  to 
maturity  AT  Aberdeen,  Idaho.  In  Jour.  Agr.  Research,  v.  19,  no.  9,  p.  393-43°.  *7  fig.,  pi.  83-91.  Litera- 
ture cited,  p.  429.     1920. 

and  Anthony,  Stephen,    development  of  barley  kernels  in  normal  and  clipped  spikes  and 

the  limitations  op  awnless  and  hooded  varieties.  In  Jour.  Agr.  Research,  v.  19,  no.  9,  p.  431-471,  13 
fig.    1920. 

Effect  of  time  op  irrigation  on  kernel  development  op  barley.  In  Jour.  Agr.  Re- 
search, v.  21,  no.  1,  p.  29-45,  2°  fis-    1921. 
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variety  originating  near  the  Caspian  Sea.  The  Jet  is  a  2 -rowed  naked 
variety  from  Abyssinia  which  develops  a  very  black  pigment  in  the 
pericarp  at  maturity.  As  the  occurrence  of  this  pigment  is  thought 
to  be  of  significance  in  the  later  stages  of  maturation,  the  Jet  variety 
is  considered  the  basic  one  in  the  discussion  which  follows.     The  growth 
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Fig.  i. — Average  length,  lateral  diameter,  and  dorsoventral  diameter  of  kernels  of  Jet  barley  at  Aberdeen, 

Idaho,  in  1920. 

and  maturation  of  the  Baku  variety  vary  somewhat  from  those  of  the 
Jet.  These  differences  are  apparent  in  the  tables  and  figures  and  are 
pointed  out  in  the  discussion.  In  the  figures  which  give  data  from  the 
Baku  variety  for  both  1919  and  1920,  the  time  from  flowering  is  for  the 
1920  data.  The  Baku  variety  in  19 19  is  advanced  three  days  to  avoid 
confusion  of  the  lines.  The  shorter  growing  season  of  the  Baku  variety 
in  19 1 9  was  doubtless  the  direct  result  of  drought,  as  the  water  for  irriga- 
tion was  insufficient  in  that  year. 
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SUMMARY  OF  PREVIOUS  INVESTIGATIONS 

In  papers  previously  published  it  has  been  pointed  out  that  various 
phenomena  occur  with  remarkable  uniformity  during  the  development 
of  the  barley  kernel.  The  length,  lateral  diameter,  and  dorso-ventral 
diameter  increase,  attain  their  maximum,  and  decrease  toward  maturity 
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Fig.  2. — Average  length,  lateral  diameter,  and  dorsoventral  diameter  of  kernels  of  Baku  barley  at  Aber- 
deen, Idaho,  in  1919. 

in  very  definite  order.  The  wet  weight  increases  rapidly  and  then 
decreases,  as  does  the  total  water.  The  percentage  of  water  decreases 
very  uniformly  from  flowering  to  maturity.  In  the  previous  studies, 
where  the  unit  has  been  the  spike,  maturation  has  occurred  when  about 
42  per  cent  of  water  is  present  in  the  spike.  This  was  necessarily  an 
average  figure  which  included  kernels  well  past  maturity  and  kernels 
which  had  not  yet  ceased  to  function.  As  may  be  seen  in  figure  i,  the 
length  of  the  Jet  variety,  in  1920,  was  reached  by  9  days  after  flowering, 
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after  which  it  remained  almost  constant  until  maturity.  The  lateral 
diameter  had  almost  completed  its  growth  by  the  fourteenth  day  and 
remained  stabilized  until  the  twenty-second  day.  The  dorsoventral 
diameter  increased  until  the  eighteenth  day,  although  the  rapid  increase 
was  completed  by  the  fifteenth  day.     The  diameter  was  maintained  until 
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Fio.  j. — Average  length,  lateral  diameter,  and  dorsoventral  diameter  of  kernels  of  Baku  barley  at  Aber- 
deen, Idaho,  in  1930. 

the  twenty-second  day.  The  wet  weight  increased  rapidly  for  17  days, 
with  very  slight  continued  increase  until  the  twenty-second  day.  The 
total  water  increased  rapidly  for  16  days  and  showed  no  active  loss  until 
the  twenty-second  day.  The  dry  weight  increased  rapidly  until  the 
twenty-second  day  and  very  gradually  from  then  until  the  thirtieth. 
The  percentage  of  water  decreased  gradually  until  the  twenty-second  day, 
rapidly  from  then  until  the  twenty-seventh,  and  abruptly  from  the 
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twenty-seventh  to  the  thirty-first,  at  which  time  the  kernels  had  reached 
the  moisture  content  normal  to  stored  grain.  As  may  be  seen  in  Figures 
2  and  3,  the  Baku  variety  reached  these  various  stages  at  a  slightly  later 
date.  In  other  words,  the  growing  period  of  Baku  was  2  or  3  days  longer 
than  that  of  Jet. 

TOTAL  WATER  CONTENT  OF  JET  AND  BAKU  VARIETIES 

The  average  water  content  of  the  kernel  of  Jet,  as  in  other  varieties 
of  barley,  shows,  when  plotted,  a  very  different  curve  from  that  of 
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Fig.  4. — Average  percentage  of  water  in  kernels  of  Jet  barley  from  flowering  to  maturity  at  Aberdeen' 

Idaho,  in  1920. 

percentage  of  water.  While  not  as  perfect  as  in  the  Hannchen  variety 
reported  in  1920,  the  curve  of  percentage  of  water  in  Jet  (fig.  4)  descends 
in  an  almost  straight  line  during  the  period  of  active  growth.  On  the 
other  hand,  the  curve  of  total  water  (fig.  5)  exhibits  three  distinct  phases. 
For  a  few  days  after  fertilization  there  is  a  rapid  increase  in  the  water 
content  of  the  kernel.  There  then  follows  a  period  of  a  few  days  in 
which  the  water  content  is  almost  stationary.  Following  this  there  is  a 
uniform  decline  until  maturity  is  reached  and  a  more  rapid  decline  to  the 
point  approximating  the  water  content  of  the  stored  grain  of  the  region. 
Stated  in  another  way,  for  a  period  of  about  1 2  days  there  is  an  increase 


\ 

\ 

\ 

/ 

\ 

\ 

\ 

\ 

/ 

<=r. 

~? 

a 

E7I 

'7, 

'<?C 

3f 

C 

r 

&. 

<?: 

-'£ 

7r 

\ 

Jt 

7" 

1 
\ 

338 


Journal  of  Agricultural  Research         vol.  xxin.  No. 


of   water   content  simultaneous   with   a   deposit   of   starch,    the  latter 
beginning  the  fourth  day  after  flowering. 

During  the  second  stage  there  is  little  change  in  water  content,  but 
there  is  a  heavy  increase  in  starch  content — that  is,  there  is  a  deposit 
of  starch  which  is  not  displacing  water.     The  volume  of  the  kernel 
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FlG.  s- — Average  total  water  content  of  kernels  of  Jet  barley  from  flowering  to  maturity  at  Aberdeen, 

Idaho,  in  1920. 

continues  to  increase  during  this  period.  The  increase  in  volume  must 
come  either  from  the  increase  in  number  of  cells  in  the  endosperm  or 
from  the  increase  in  size  of  cells  already  formed.  Most  of  the  expansion 
is  probably  of  the  latter  nature.  The  increase  in  volume  is  quite  evident 
in  figures  1,2,  and  3,  which  show  the  length,  lateral  diameter,  and  dorso- 
ventral  diameter  by  days  for  both  varieties. 

The  third  stage,  beginning  about  the  twenty-second  day  in  the  Jet 
variety,  shows  a  decided  loss  of  water.     While  the  rate  of  starch  deposit 


Feb.  3,  i923    Water  Content  of  Barley  Kernels  During  Growth  339 

diminished  as  shown  by  the  dry  weight,  material  continued  to  be  added 
for  several  days.  The  water  content  drops  more  abruptly  and  somewhat 
in  advance  of  the  wet  weight,  due,  of  course,  to  the  continued  activity 
of  starch  deposit. 

The  actual  modifications  which  occur  within  the  kernel  during  these 
changes  have  not  been  traced  definitely.  As  the  bulk  of  the  kernel  is 
endosperm  tissue,  the  observable  variations  are  doubtless  dependent  on 
a  phase  of  endosperm  development.  The  endosperm  starts  to  develop 
about  the  center  of  the  nucellus.  As  growth  proceeds,  new  cells  are 
added  by  repeated  division  of  the  endosperm  cells  first  laid  down.  At 
some  stage  of  growth  the  addition  of  these  new  cells  is  either  diminished 
rapidly  in  the  number  added  per  day  or,  more  probably,  is  interrupted 
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Fig.  6.— Average  percentage  of  water  in  kernels  of  Baku  barley  from  flowering  to  maturity  at  Aberdeen, 

Idaho,  in  1919  and  1920. 

entirely  except  in  the  region  immediately  adjacent  to  the  furrow.  Later, 
two  other  developments  are  possible.  As  previously  pointed  out,  there 
is  a  secondary  stage  of  starch  formation  where  small  starch  kernels 
appear  among  the  large  starch  kernels  of  the  first  starch  deposit.  It  is 
also  likely  that  some  of  the  cells  of  the  starch  endosperm  are  abandoned 
as  places  of  active  starch  deposit.  This  certainly  occurs  in  occasional 
cells  of  the  periphery  on  the  dorsal  surface  most  remote  from  the  furrow. 
Cells  in  the  latter  region  can  be  observed  which  by  their  cell  walls  indicate 
an  age  equal  to  that  of  adjacent  cells  but  which  have  very  few  starch 
grains  in  their  interior.  Such  cells  are,  in  a  way,  abnormal,  and  if  there 
is  any  abandonment  that  occurs  as  a  phase  of  maturation,  it  is  of  cells 
of  normal  starch  content.  In  any  case  it  is  likely  that  the  stages  of 
endosperm  development  have  a  direct  relation  to  the  changes  exhibited 
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in  the  wet  weight,  dry  weight,  and  total  water  content  of  kerels.  Judged 
by  these  indicators  all  varieties  follow  about  the  same  course.  Though 
Baku  requires  a  day  or  two  longer  in  maturing,  its  water  content,  as 
shown  in  figures  6  and  7,  and  its  wet  weight  and  dry  weights,  as  shown 
in  figures  8  to  11,  are  quite  comparable  to  those  of  Jet. 


"7  2  3  4-    5  6  7  3  3  /O  //  /e  /3  /4/3 /6  /7/3  /S  20  2/  2223  24- 23  26  27  28  29  30  31 3233  3-f-  3S 

Fig.  7. — Average  total  water  content  in  kernels  of  Baku  barleyifrom  flowering  to  maturity  at  Aberdeen, 

Idaho,  in  1919  and  1920.  *>;;: 

WATER  CONTENT  AND  DRY  WEIGHT  OF  INDIVIDUAL  KERNELS 

In  Table  I  are  given  the  complete  records  of  the  individual  kernels  of 
these  two  varieties  for  the  period  under  observation.  While  the  number 
of  observations  is  so  great  as  to  make  a  direct  digest  of  these  data 
difficult,  a  number  of  facts  are  evident.     In  the  table  the  kernels  are 
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numbered  on  each  spike.  One  side  of  the  spike  only  was  studied,  as  the 
error  of  sampling  was  less  when  a  larger  number  of  spikes  were  included, 
the  daily  number  of  observations  being  necessarily  limited  by  the  time 
required  to  obtain  the  data.  The  kernels  are  numbered  from  the  base 
to  the  tip  of  the  spike,  No.  1  being  the  basal  kernel,  No.  2  the  next  above, 
and  Nos.  6  to  1 1  the  tip  kernel,  depending  on  the  length  of  the  spike.    It 
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Fig.  8.— Average  wet  weight  of  kernels  of  Jet  barley  from  flowering  to  maturity  at  Aberdeen,  Idaho,  in  1920. 

can  be  readily  seen  that  the  tip  kernels  never  attained  the  size  of  those 
about  the  center  of  £he  spike.  This  fact  has  been  frequently  pointed  out. 
As  indicated  by  the  percentage  of  water,  it  is  quite  noticeable  that  the 
kernels  at  the  tip  of  the  spike  ripened  much  earlier  than  those  near  the 
base.  The  basal  kernel  itself  is  more  nearly  related  to  the  tip  kernels  in 
that  its  average  size  is  less  than  those  above  it  and  its  maturation  earlier. 
For  the  purpose  of  interpreting  the  table,  any  kernel  under  42  per  cent 
may  be  considered  mature. 
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Fig.  9.— Average  wet  weight  of  kernels  of  Baku  barley  from  flowering  to  maturity  at  Aberdeen,  Idaho; 
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Section  3  of  the  table  differs  from  sections  1  and  2  in  that  the  spikes  of 
a  single  day  are  of  different  ages.  It  was  thought  that  daily  weather 
variations  might  be  overcome  if  samples  of  varying  ages  were  taken  on 
each  day.  Spikes  marked  A  before  August  4  flowered  on  July  6, 
all  those  marked  B,  and  those  marked  A  after  August  4,  on  July 
7,  and  those  marked  C,  D,  and  E,  on  July  9.  In  the  figures  showing  the 
distribution  by  days  from  flowering  and  in  the  various  averages,  spikes 
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Fig.  xi.— Average  dry  matter  in  kernels  of  Baku  barley  from  flowering  to  maturity  at  Aberdeen,  Idaho, 

in  1919  and  1920. 

of  the  same  age  are  grouped  together.  In  computing  data  for  figures, 
small  abnormal  tip  and  basal  kernels  were  omitted  where  it  was  thought 
the  abnormality  was  misleading.  The  data  in  the  table  have  been  plotted 
as  frequencies  in  figures  12  to  15. 

The  frequencies  of  the  dry  weights  (fig.  12)  are  not  much  more  easily 
interpreted  than  the  table  itself.  This  is  due  to  the  fact  that  the  final 
weights  of  the  kernels  on  the  spikes  vary  over  a  considerable  range.  The 
tip  kernels  begin  to  ripen  about  the  twenty-first  to  twenty-third  day  and 
are  found  distributed  to  the  left  of  the  general  mass  of  kernels  from 
weights  of  275  mgm.  to  375  mgm. 
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The  distribution  in  percentage  of  water  (fig.  13,  14,  15)  is  much  more 
uniform.  Just  at '  flowering  time  there  is  considerable  variation,  due, 
doubtless,   toj  exceedingly  rapid    changes    taking   place   at   that   time. 


ssj 


s> 


Is 

3.8 


(2.02/  76/J.aX)  PTPA/t&M  JO  &3&W/7A/ 


a 


a 


^^5^(0 


ajtvi 


Bj§ 


^S. 


9 


<v 


'-! 


fhs? 


gigns 


<L'j 


a^a 


% 


55 


lag 


as 


>C  Ss 


K§M6 


'--'■'> 


-£  ii  ^ 


Q 


^') 


3 


Nvo 


Bb 


<5R 


<\|CgC\,§5} 


Q§ 


'fiNfC 


Q>cqK 


%^-0)'.- 


^°5 


!i 


HyviM 


<mWm 


Nftl 


MM 


5> 


N.o^N 


Nig 


QS 


BL^i 


b»5 


:\jtx 


S3 


jn 


3§ 


«i«5 


g 


a 


m 


* 


to 


si 


23 


c5 


S 


A7/7P  U&30W 


J3 
< 


3 

a 

o 
a 

•s 

o 
o 


5 
>> 

.fl 


a.   o 

d    Ov 

*j  « 

£  a 

OJ   o 

«^ 

+3« 


a 


.a 


E 
.a 

o 
a 


a 
X 


Immediately  following  flowering  the  kernels  show  almost  identical  water 
content  for  any  one  day  and  almost  identical  daily  decrease  in  water  con- 
tent for  many  days.  The  exact  date  of  the  beginning  of  spread  in  the 
distribution  is  difficult  to  determine.  It  is  evident  that  it  is  not  much 
before  the  seventeenth   to   twentieth  day.     By   the  twenty-third   day 
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ripe  kernels  are  in  evidence.  The  changes  apparently  take  place  at  a 
higher  water  percentage  in  the  Baku  than  in  the  Jet  variety.  In  the 
Baku  the  kernels  dry  very  rapidly  after  they  have  reached  the  moisture 
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content  of  50  per  cent.  There  are  few  kernels  between  42  per  cent  and 
20  per  cent,  showing  that  mechanical  drying  is  taking  place  with  great 
rapidity. 

Thus  far  the  data  for  the  Jet  and  Baku  varieties  are  quite  comparable 
to  those  reported  earlier.     No  conclusions  can  be  drawn  which  were 
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not  apparent  in  the  previous  studies  As  has  been  pointed  out,  the 
sudden  break  in  the  curve  of  percentage  of  water,  which  has  held  a 
steady  trend  from  flowering,  could  come  about  only  through  the  abrupt 
termination  of  growth.  It  is  not  evident  from  these  or  previous  figures 
whether  this  abrupt  termination  involves  the  whole  kernel  at  once  or 
whether  there  has  been  a  final  abrupt  termination  of  activity  in  a 
limited  area  preceded  by  a  gradual  abandonment  of  tissue  to  the  point 
where  the  active  tissue  remaining  affords  an  insufficient  volume  in  which 
to  take  care  of  the  starch  produced  daily  by  the  plant. 

COLOR  AS  AN  INDEX  OF  MATURITY 

Although  the  figures,  taken  by  themselves,  do  not  afford  sufficient 
basis  for  the  analysis  of  the  final  phases  of  maturation,  the  color  formed 
in  the  Jet  variety  offers  a  suggestive  clue.  The  melanin-like  pigment 
is  apparently  deposited  only  when  activity  has  ceased.  In  the  normal 
kernel  the  color  appears  just  before  final  maturity.  The  earliest  traces 
are  found  about  the  twentieth  or  twenty-first  day  after  flowering.  If 
a  kernel  is  removed  from  the  spike  even  six  days  after  flowering,  the 
black  color  will  appear  on  drying.  It  seems  reasonable  to  suppose  then 
that  when  this  color  appears  on  the  kernel,  the  section  of  the  kernel 
immediately  beneath  it  has  ceased  to  function.  That  this  assumption 
is  plausible  is  evidenced  by  two  related  observations.  The  black  color 
appears  first  on  the  dorsal  surface  just  below  the  tip.  The  tip  of  the 
kernel  up  to  this  time  consists  of  active  tissue  remaining  from  the  ovary 
walls.  As  soon  as  the  black  color  appears,  this  tissue  withers,  showing 
that  the  vascular  system  here  has  ceased  to  function.  This  peculiarity 
has  been  noted  in  other  years,  when  it  had  been  found  possible  to  measure 
the  true  length  of  the  kernel  only  after  the  withering  of  the  tip.  Previous 
to  that  time  the  measurement  necessarily  had  to  include  tissues  which 
had  no  real  connection  with  the  growth  inside  the  nucellus.  It  was  also 
in  this  region  that  cells  showing  early  abandonment  as  active  reposi- 
tories for  starch  are  most  numerous,  indicating  that  this  region  was  the 
first  to  show  lack  of  free  movement  of  cell  solutes. 

The  progress  of  color  formation  and  loss  of  water,  as  evidenced  by  the 
denting  and  collapse  of  the  kernels,  is  very  definite.  Traces  of  color 
appeared  when  the  moisture  content  was  about  62  per  cent.  It  was 
present  on  most  kernels  by  the  time  they  had  reached  60  per  cent.  The 
spot  was  very  definitely  marked  when  they  had  reached  58  per  cent,  and 
the  area  had  spread  well  toward  the  end  of  the  kernel  when  the  water 
content  had  reached  56  per  cent.  Denting  appeared  at  about  55  per 
cent  and  was  common  at  51  to  52  per  cent.  Color  appeared  on  the 
ventral  surface  of  the  grain  at  53  per  cent  and  was  on  the  ventral  surface 
of  most  kernels  by  the  time  they  had  reached  48  per  cent.  The  sides 
as  well  as  the  dorsal  surface  had  begun  to  dent  at  about  50  per  cent  and 
were  commonly  dented  at  46  per  cent.  The  ventral  surface  was  black 
with  the  exception  of  the  furrow  on  some  kernels  at  46  per  cent  and 
commonly  so  at  43  per  cent.  Even  the  furrow  was  black  in  some  instances 
at  42  per  cent.  Few  furrows  with  traces  of  green  were  found  under  40 
per  cent.  Fine  wrinkles  appeared  all  over  the  kernel  at  percentages 
about  30  and  on  all  kernels  containing  below  24  per  cent  of  water. 

When  these  color  observations  are  considered  with  the  data  previously 
presented,  they  assist  materially  in  the  interpretation.  The  black  area 
on  the  dorsal  surface  became  marked  about  the  twenty-second  day  after 
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flowering — that  is,  the  average  kernel  was  affected  by  this  date.  On  the 
curve  of  dry  weight  (fig.  10),  it  can  be  seen  that  the  rate  of  increase  fell 
off  markedly  on  this  date  and  never  again  reached  the  rate  held  consist- 
ently for  a  long  period  previously.  The  water  content  began  to  drop 
very  rapidly  at  this  time,  as  did  also  the  wet  weight.  It  seems  without 
question  that  the  abandonment  of  tissue  began  actively  when  the  water 
content  of  the  average  kernel  had  reached  58  per  cent.  On  some  kernels 
this  change  evidently  was  initiated  at  62  per  cent.  Dry  matter  was  added, 
however,  to  other  parts  of  the  kernel  for  several  days.  Growth  was 
essentially  complete  when  the  color  had  covered  the  ventral  surface. 
This  occurred  when  the  kernel  had  reached  46  per  cent  of  moisture  and 
was  common  on  all  kernels  when  they  had  reached  42  per  cent.  This 
42  per  cent  coincides  with  the  average  date  reported  in  various  previous 
papers,  and  in  this  instance  it  is  coincident  with  the  average  appearance 
of  color.  It  would  seem  that,  since  42  per  cent  represented  the  average 
water  content  when  the  spike  was  mature,  this  percentage  would  also 
represent  the  point  at  which  the  individual  kernel  should  cease  activity. 
That  this  is  not  true  is  due  to  the  variation  of  spread  before  and  after 
reaching  maturity.  Once  a  kernel  has  ceased  active  metabolism,  the 
loss  of  water  is  very  rapid  and  the  spike  average  is  lowered  by  wide  range 
of  w"ater  content  in  those  kernels  already  mature. 

While  not  all  kernels  showed  the  appearance  of  black  at  the  same 
time,  the  earliest  kernels  exhibited  the  color  when  a  water  content  of 
about  62  per  cent  was  reached.  From  the  small  spot  first  occurring  the 
color  gradually  spread  over  the  dorsal  surface  of  the  kernel.  The  base 
of  the  kernel  was  last  affected  on  both  the  dorsal  and  ventral  surfaces. 
On  the  ventral  surface,  color  first  appeared  on  the  flanks  of  the  grain 
from  the  center  of  the  kernel  toward  the  tip.  The  green  in  the  pericarp 
disappeared  last  from  the  furrow  of  the  kernel  and  naturally  this  is 
the  last  active  tissue.  Shortly  after  the  black  color  appears  on  the  dorsal 
surface,  the  kernel  begins  to  dent — that  is,  the  loss  of  water  in  this  region 
is  sufficiently  rapid  to  cause  the  tissue  to  collapse.  The  loss  of  volume 
at  this  time  is  apparent  in  the  measurements  of  the  grain.  The  kernels 
of  all  varieties  of  barley  contract  as  they  lose  water  in  maturing.  In  the 
Jet  variety  the  kernel  collapses  in  a  depression  on  the  dorsal  surface 
which  reaches  from  the  tip  to  the  embryo.  This  is  not  common  in  barley 
varieties  and  doubtless  comes  about  through  the  fact  that  in  the  Jet 
the  tissues  external  to  the  nucellus  are  abnormally  thickened  in  this 
region.  Since  such  external  tissues  are  not  utilized  for  storage,  the  loss 
of  water  must  be  accompanied  by  an  unusual  reduction  in  volume.  The 
final  stage  of  ripening,  or  rather  mechanical  drying,  is  accompanied  by 
a  fine  wrinkling  of  the  entire  surface  of  the  kernel,  as  is  common  in  other 
varieties. 

Assuming  that  the  kernels  of  all  varieties  ripen  in  the  same  way  as 
those  of  the  Jet,  the  data  here  presented  add  this  much  to  our  previous 
information  in  maturation.  The  process  of  ripening  is  abrupt,  as  has 
been  previously  apparent,  but  this  final  stoppage  of  activity  is  the  culmi- 
nation of  a  maturation  which  has  already  checked  activity  in  some  parts 
of  the  kernel.  As  may  be  seen  in  Figure  4,  the  drop  in  the  average  per- 
centage of  water  is  not  accelerated  by  the  abandonment  of  the  limited 
portion  of  the  kernels  first  affected.  It  is  only  when  the  black  spot 
becomes  common,  indicating  an  average  condition  of  abandonment, 
that  the  rate  of  loss  of  water  is  accelerated  and  the  rate  of  deposit  of  dry 
matter  checked.  From  this  time  there  is  a  slight  increase  in  average 
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dry  matter.     This  increase  doubtless  is  exaggerated  in  the  averages 
due  to  the  fact  that  all  kernels  are  not  equally  advanced. 

The  date  of  maturation  of  individual  kernels  is  partially  dependent 
upon  minor  features  of  location.  Supposing  that  a  kernel  can  not  be 
rejuvenated  after  the  percentage  of  water  has  fallen  below  44  per  cent, 
the  time  of  reaching  this  percentage  may  be  postponed  by  protection 
from  the  sun  and  air.  The  loss  of  water  from  the  kernel  is  active  on  hot 
days.  There  is  no  loss  at  night  during  growth.  Very  hot,  dry,  sunny 
days  may  lower  the  water  of  exposed  kernels  near  maturity  below  the 
point  of  recovery.  Those  kernels  well  covered  by  the  awns  of  other 
kernels  ripen  slowly.  The  kernels  on  the  under  side  of  the  spike  of  nod- 
ding varieties  ripen  after  those  on  the  upper  side.  In  varieties  like  the 
White  Smyrna,  where  several  kernels  are  inclosed  in  the  leaf  sheath,  the 
kernels  so  inclosed  ripen  much  later  than  the  exposed  kernels.  Pro- 
longed cool  weather  at  ripening  time  must  have  a  similar  effect,  and  high 
yields  of  plump  grain  usually  result  from  such  ripening  periods.  These 
observations  fit  in  with  the  appearance  of  the  color  in  the  Jet  variety. 
While  the  amount  of  light  reaching  the  kernel  affects  the  intensity  of  the 
pigment  and  occasionally  the  time  of  its  appearance,  in  general  it  affords 
an  accurate  index  of  the  stage  of  maturity. 

SUMMARY 

In  previous  studies  it  has  been  shown  that  the  average  water  content 
of  the  ovaries  at  flowering  time  is  about  80  per  cent  and  that  the  per- 
centage of  water  in  the  growing  kernel  decreases  uniformly  day  by  day 
until  the  average  for  all  the  kernels  of  a  spike  is  about  42,  when  all  deposit 
of  dry  matter  is  interrupted  and  the  kernels  dry  with  great  rapidity. 

This  42  per  cent  does  not  represent  the  exact  point  where  translocation 
of  material  becomes  impossible  but  is  lower  than  this  point,  as  this  is  the 
average  of  all  kernels  on  the  spike  and  must  include  some  with  slightly 
more  water  which  are  still  functioning  and  some  with  much  less  which 
ceased  to  function  a  day  or  two  previously. 

Endosperm  cells  mature  abruptly;  the  proteid  content  probably 
reaches  a  density  beyond  which  it  can  not  function.  The  Jet  is  a  naked 
variety  in  which  a  black  pigment  is  formed  in  the  pericarp  whenever  this 
tissue  ceases  to  be  active.  The  appearance  of  color  indicates  that  the 
first  region  to  mature  is  on  the  dorsal  surface  near  the  tip.  The  region 
of  the  embryo  on  the  dorsal  surface  is  still  later,  and  the  cells  adjacent  to 
the  furrow  on  the  ventral  surface  are  the  last  to  mature.  The  first  cells 
on  the  dorsal  surface  are  affected  when  the  moisture  content  of  the  kernel 
has  reached  60  to  62  per  cent.  The  kernels  are  fully  mature  when  the 
water  has  fallen  to  46  per  cent  and  have  carried  on  only  a  limited  amount 
of  translocation  for  some  time. 

The  date  of  final  maturation  can  be  postponed  and  the  size  of  the 
kernel  increased  where  kernels  are  protected  by  leaf  sheaths  or  other 
shade  and  by  cool  weather  at  ripening. 


BACTERIAL  LEAFSPOT  OF  GERANIUM  IN  THE  EASTERN 

UNITED  STATES1 

By  Nellie  A.  Brown 

Pathologist,  Laboratory  of  Plant  Pathology,  Bureau  of  Plant  Industry,  United  States 

Department  of  Agriculture 

The  florist's  season  for  growing  cuttings  of  geraniums  (Pelargonium 
spp.)  for  garden  and  window-box  planting  is  the  season  when  this  bacterial 
disease  may  be  looked  for,  especially  in  crowded,  ill-ventilated  houses. 
Nearly  every  spring  since  19 12  and  at  any  time  during  March,  April, 
and  May,  according  to  the  locality  where  the  plants  are  grown,  we  have 
received  diseased  specimens.  Very  rarely  has  a  diseased  plant  grown 
in  the  open  been  sent  to  us.  Our  first  acquaintance  with  it,  however, 
was  at  an  earlier  date  when  it  occurred  on  the  grounds  of  the  United 
States  Department  of  Agriculture  in  Washington  (PI.  1,  A).  In  New 
Jersey  and  Maryland  the  disease  has  been  especially  prevalent  and  of  a 
destructive  nature,  whole  houses  of  rooted  plants  in  some  instances 
becoming  unsuitable  for  market.  It  is  a  spot  disease  which  makes  the 
leaves  unsightly  and  undermines  the  health  and  development  of  the 
cuttings.  The  year  19 15  was  evidently  favorable  for  the  disease,  for  it 
occurred  very  generally  in  the  eastern  part  of  the  United  States. 

The  spots  are  definitely  outlined,  usually  irregular  but  occasionally 
circular  in  shape,  and  of  a  brown  color.  The  spotting  may  begin  either 
at  the  margin  of  the  leaves  or  on  the  blade  and  may  occur  on  either  old 
or  young  leaves,  although  the  older  leaves  or  those  nearest  the  soil  are 
usually  the  worst  affected.  The  youngest  infected  areas  are  watery 
looking,  then  become  a  reddish  brown,  later  the  tissue  dries  and  becomes 
dark  brown.  When  the  disease  is  advanced  the  portion  of  the  leaf 
between  the  spots  turns  dark  and  becomes  dry  and  wrinkled.  The 
spots,  however,  still  show  plainly  in  the  dead  area.  The  bacteria,  which 
are  motile,  occur  in  great  numbers  in  the  spots.  They  are  easily  isolated 
from  the  young  spots,  as  the  epidermis  can  be  sterilized  with  mercuric 
chlorid  (1  to    1,000)  for  three  to  five  minutes  without  much  penetration. 

Isolations  were  made  from  material  received  from  Maryland  (PI.  1,  B), 
and  water  suspensions  of  subcultures  were  sprayed  on  young  geranium 
plants  growing  in  the  greenhouse.  The  plants  were  kept  in  a  moist 
infection  cage  for  two  days.  In  another  cage,  which  was  also  kept 
moist,  were  other  geranium  plants  of  the  same  age  which  were  sprayed 
with  sterile  water.  Typical  spots  appeared  on  the  inoculated  (sprayed) 
leaves  in  9  days,  and  in  17  days  the  plants  were  badly  spotted  (PI.  3,  B). 
The  controls  did  not  show  any  spotting.  Bacteria  were  abundant  in 
the  spots.  The  organism  was  reisolated  and  other  geranium  plants 
were  infected  with  it  by  spraying.  In  four  days  spots  began  to  show  on 
the  leaves  of  these  sprayed  plants.  The  temperature  was  higher  at  this 
time,  being  8o°  F.  during  most  of  the  daytime. 

1  Accepted  for  publication  May  10,  192a. 
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Likewise,  isolations  were  made  from  diseased  material  from  New 
Jersey  (PI.  2).  The  same  organism  was  obtained  and  typical  spots 
produced  in  17  days  from  the  time  of  spraying  the  leaves  with  a  water 
suspension  of  an  agar  subculture  (PI.  3,  A).  The  organism  was  reiso- 
lated  also  from  this  New  Jersey  strain.  The  inoculations  with  the  reiso- 
lated  New  Jersey  organism  were  made  in  two  different  greenhouses,  one 
in  which  the  day  temperature  was  700  to  75  °  F.  and  another  in  which 
it  was  550  to  6o°  F.  The  plants  were  sprayed  and  kept  in  infection 
cages  for  two  days.  In  the  warmer  house  infection  occurred  early  and 
was  well  marked  in  16  days,  while  there  was  but  a  trace  of  infection  on 
the  inoculated  leaves  in  the  cooler  house.  The  disease  did  not  progress 
in  the  latter  case  but  continued  in  the  former. 

A  bacterial  disease  of  geranium  plants  was  reported  from  Massachu- 
setts 2  in  1898.  The  observers  first  found  it  on  several  different  varie- 
ties during  a  season  of  rainy  weather  about  the  latter  part  of  July  on 
plants  grown  out  of  doors.  The  leaves  were  spotted  and  bacteria  were 
found  in  the  spots. 

Another  report  of  the  disease  from  Massachusetts  3  stated  that  at- 
tempts had  been  made  to  isolate  the  organism  but  without  success. 

Still  another  report 4  said  the  disease  had  been  noticed  in  that  State 
every  year  for  nine  years.  It  was  abundant  and  generally  distributed, 
and  gardeners  had  become  concerned  about  it.  The  spotting  was  not 
serious  in  greenhouses,  however,  and  it  was  thought  to  have  been  brought 
in  from  out-of-door  stock. 

Dr.  Erwin  F.  Smith,5  in  volume  1  of  his  "Bacteria  in  Relation  to 
Plant  Diseases,"  mentioned  the  disease  as  one  produced  by  stomatal 
infection  and  in  volume  2  called  it  a  disease  of  rainy  seasons.  In  volume 
2  he  also  stated  that  the  organism  was  isolated  in  his  laboratory  and  the 
disease  reproduced  on  geranium  leaves  by  John  R.  Johnston,  inoculat- 
ing from  pure  cultures.  No  further  work  on  this  disease  was  done  by 
Mr.  Johnston  or  by  Dr.  Smith  beyond  recognizing  it  as  a  yellow  organism 
with  a  polar  flagellum.  He  states  to  me  that  none  of  the  earlier  isolations 
from  the  Washington  material  ever  greened  the  medium. 

A  bacterial  disease  of  the  leaves  of  Erodium  and  Pelargonium  in 
Texas  was  described  in  Phytopathology  6  for  August,  19 14.  The  general 
appearance  of  the  spots  on  the  leaves  in  the  illustrations  of  the  article 
led  us  at  first  to  think  that  the  Texas  disease  described  was  the  same  as 
the  one  our  laboratory  had  been  dealing  with,  although  Lewis's  figures  2 
and  3  indicate  a  much  more  active  parasite.  When  comparisons  of  cultural 
tests  were  made  and  what  seemed  to  be  important  differences  were 
noted,  it  was  decided  that  the  two  organisms  must  be  different  and  that 
these  different  features  would  be  accentuated  if  worked  out  in  more 
detail.  That  has  been  done,  and  careful  observation  and  repeated  tests 
have  established  the  writer's  belief  that  the  organisms  are  not  the  same, 
for  in  cultural  tests  important  differences  persist.  Perhaps  Mr.  Lewis's 
work  was  done  with  the  Erodium  strain  and  the  host  may  be  responsible 
for  these  differences.     He  does  not  state  in  his  paper  which  isolation  he 
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used  for  his  cultural  tests.  He  states  that  he  isolated  an  organism  from 
both  Erodium  and  Pelargonium  and  that  he  was  convinced  that  the 
organism  from  the  wild  Erodium  and  the  cultivated  species  of  geranium 
(Pelargonium)  were  one  and  the  same.  He  found  that  both  strains 
cross-inoculated  readily  but  does  not  mention  making  any  comparative 
cultural  tests  of  the  two  strains.  In  all  probability  he  used  one  strain 
only  for  his  cultural  tests. 

The  comparisons  in  this  paper  were  started  with  the  idea  of  finding 
enough  agreement  in  the  cultural  tests  to  establish  the  identity  of  our 
organism  as  Bacterium  erodii,  and  with  that  in  view  we  cast  about  for 
explanations  to  account  for  the  differences.  One  striking  difference 
between  the  Texas  and  Maryland  organisms  is  in  the  production  by  the 
Texas  organism  of  a  green  fluorescence  in  beef  agar,  beef  bouillon, 
sterile  milk,  and  various  other  media.  Very  careful  observations  were 
made,  but  no  trace  of  green  fluorescence  could  be  detected  at  any  time 
in  the  tests  with  the  Maryland  or  New  Jersey  isolations.  The  continued 
comparisons  in  this  paper  were  made  with  the  New  Jersey  isolation. 
Morphologically  the  Texas  and  New  Jersey  organisms  are  much  alike 
and  in  some  of  the  cultural  tests  are  identical.  Although  in  two  to  five 
days  we  have  never  obtained  leaf-spots  such  as  Lewis  figures  the  two 
organisms  produce  somewhat  the  same  type  of  disease  on  geranium 
leaves  apparently  under  the  same  conditions,  yet  if  they  are  the  same 
organism  why  does  one  produce  green  pigment  and  the  other  not  ? 

Thinking  the  green  color  might  have  formed  through  some  particular 
property  of  the  medium,  two  lots  of  peptone-beef  bouillon  (beef  infusion) 
were  made  in  which  Witte's  and  Difco  peptone  were  used  as  well  as  two 
lots  of  beef  extract  media  with  the  two  kinds  of  peptone.  Our  organism 
acted  the  same  in  all  in  respect  to  color — there  was  not  a  trace  of 
greening.  Then  Mr.  Lewis's  platings  from  diseased  material  were  con- 
sidered. At  the  start  an  organism  appeared  on  his  plates  which  greened 
the  agar.  Subcultures  from  these  colonies  picked  from  the  plate  produced 
the  disease.  Could  this  pigment  formation  be  the  individuality  of  a 
strain?  If  so,  it  is  a  striking  variation  and  a  feature  that  must  be 
reckoned  with  when  comparing  strains  and  varieties  in  proving  up  a  new 
organism. 

The  New  Jersey  strain  of  the  geranium  leafspot  disease  was  used  for 
the  tests  described  hereafter  in  this  paper.  To  facilitate  comparison 
with  Bacterium  erodii  the  same  order  is  followed  here  as  in  the  article 
by  Lewis  describing  that  organism.7  No  work  was  done  with  Bacterium 
erodii  itself,  as  we  had  no  culture  of  that  organism  nor  were  we  able  to 
obtain  Texas  material  for  our  own  isolations.  The  comparisons,  there- 
fore, were  all  made  with  the  rather  full  tests  published  by  Mr.  Lewis  in 
the  article  just  cited. 

CULTURAL   CHARACTERISTICS   OF   THE    ORGANISM   FROM   THE    DIS- 
TRICT OF  COLUMBIA,  MARYLAND,  AND  NEW  JERSEY 

Agar  platks. — On  beef  infusion  peptone  agar  4- 16.5  plating  from  a 
2-day-old  bouillon  culture,  colonies  do  not  appear  until  the  third  day. 
In  reflected  light  they  are  cream  color,  shining,  round  with  a  smooth 
surface.  In  transmitted  light  under  a  hand  lens  they  are  a  cream  color 
in  the  center  and  bluish  outside  of  center.     There  are  delicate  reticulate 
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markings  in  the  interior;  there  is  no  zoning,  but  a  marginal  ring  occurs 
on  some  colonies  after  they  are  up  several  days.  Colonies  are  2  to  4  mm. 
in  diameter.  The  agar  does  not  change  color.  (Unlike  the  Lewis 
organism.) 

Agar  stroke. — In  2  days  there  is  a  translucent  wet  shining  rather  thin 
growth  on  +13  peptone-beef  infusion  agar.  In  3  days  the  growth  is 
cream  colored  with  undulating  surface.  There  is  no  green  color  in  the 
agar  or  condensation  water.  The  surface  is  finely  pitted  at  4  days; 
crystals  form  in  from  2  to  10  days.  There  is  no  viscidity  until  cultures 
are  1  month  old  or  older,  but  even  then  there  is  no  green  color.  (The 
Lewis  organism  produces  a  green  pigment.) 

Glucose  agar  stab. — This  is  a  favorable  medium.  Growth  is  fairly 
rapid  and  abundant  on  the  surface  of  the  stab;  scant  along  the  line  of 
puncture.  The  color  of  4-day-old  cultures  is  Ridgway's  Naples  yellow,8 
and  this  is  a  deeper  color  than  the  growth  on  plain  beef  agar.  (Same  as 
the  Lewis  organism.) 

Lactose  agar  stab. — In  this  medium  there  is  growth  with  abundant 
crystals.    No  green  color.    (The  Lewis  organism  produces  a  green  color.) 

Steamed  potato  cylinders. — A  thin  yellow  growth  occurs  on  the 
potato  in  24  hours.  In  2  days  it  is  a  Naples  yellow;  in  3  days  the 
potato  begins  to  darken  a  little,  but  there  is  no  green  fluorescence.  The 
potato  cylinders  are  still  firm  after  a  month.  The  starch  in  the  cultures 
gives  a  purple  reaction  when  tested  with  iodin  in  potassium  iodid. 
(Lewis's  organism  produces  a  green  fluorescent  pigment  after  48  hours.) 

Steamed  coconut. — A  thin  faintly  yellow  growth  occurs  in  2  days  on 
pieces  of  coconut  steamed  in  tubes.  Growth  takes  place  in  the  water 
also  but  is  not  a  yellow  color.  In  2  weeks  the  growth  on  the  surface  of 
the  coconut  is  still  thin  and  not  viscid.  (The  Lewis  organism  produces 
a  viscid  growth  on  this  medium.) 

Litmus  milk. — There  is  a  trace  of  clearing  (whey)  in  3  days  but  no 
color  change.  In  6  days  there  is  a  faint  bluing  in  bands  and  a  clearing 
at  the  surface  for  nearly  1  cm.,  but  no  coagulation.  In  from  10  to  15 
days  the  bands  of  color  are  faint  and  clearing  has  taken  place  in  from 
one-half  to  the  entire  tube.  Then  it  is  a  reddish  blue  color,  dark  hyssop 
violet,  according  to  Ridgway.  (With  Lewis's  organism  the  liquid  is  all 
a  clear  yellowish  color  in  8  days.) 

Sterile  milk. — No  clearing  occurs  before  5  days  even  at  the  optimum 
temperature  of  260  to  280  C.  At  that  time  there  is  a  ring  of  whey,  cream 
colored,  3  to  5  mm.  deep.  Coagulation  comes  soon  after  the  clearing 
appears;  the  curd  is  soft.  There  is  no  color  change.  Tested  at  17  days 
the  hydrogen-ion  concentration  expressed  in  PH  value  is  6.4  (Brom 
cresol  purple).  In  30  days  over  half  the  curd  has  been  digested.  (The 
Lewis  organism  does  not  coagulate  sterile  milk;  it  produces  green  fluores- 
cence with  age.) 

Dunham's  solution. — There  is  heavy  clouding  in  this  medium  in  48 
hours,  but  not  any  marked  difference  from  peptone  bouillon.  (Like  the 
Lewis  organism.) 

Peptone  bouillon. — The  organism  clouds  peptone  beef  infusion 
bouillon  -f  10  to  +  15  in  24  hours  at  a  temperature  of  23 °  to  270  C,  when 
transfers  are  made  from  a  young  fluid  culture.  At  180  to  200  it  is  not 
clouded  until  48  hours.     Clouding  is  heavy  in  2  days  at  270.     Pseudo- 

8  Ridgway,  Robert.    Color  standards  and  color  nomenclature.    43  p.,  53  col.  pi.     Washington, 
D.  C     1912. 
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zooglea  are  present.  In  2  to  4  days  an  incomplete  pellicle  is  formed  and 
the  medium  is  clear  below  the  pellicle.  Cultures  are  not  viscid  until 
1  month  old  or  older.  When  the  tube  is  agitated  the  pellicle  drops  to 
the  bottom  in  flocks.  No  green  color  is  produced  in  either  young  or  old 
cultures.  Some  bouillon  was  made  containing  Witte's  peptone,  and  the 
organism  grown  in  it  was  compared  with  that  containing  Difco  peptone 
to  see  whether  the  green  color  would  appear.  It  did  not,  nor  when  ex- 
tract of  beef  was  used  with  the  two  kinds  of  peptone  instead  of  the  beef 
stock.  There  was  no  trace  of  a  green  color  at  any  time.  (The  Lewis 
organism  greens  the  bouillon.) 

Dunham's  solution  with  methylene  blue. — The  organism  grows 
well  in  Dunham's  solution  colored  with  methylene  blue.  The  color 
•changes  to  a  faint  blue  in  four  days.  This  test  was  repeated  with  the 
same  result.  The  color  reduced  from  the  bottom  of  the  tube  upward. 
In  22  days  the  methylene  blue  is  reduced  to  a  mere  trace.  In  1  month 
after  inoculating  the  color  begins  to  return,  but  is  a  green  instead  of 
blue — light  hellebore  green,  according  to  Ridgway.9  (The  Lewis  organ- 
ism does  not  change  the  blue  color;  observations  were  made  over  a 
period  of  4  weeks.) 

Bouillon  with  sodium  chlorid. — Growth  takes  place  in  neutral  beef 
bouillon  to  which  2.5  per  cent  sodium  chlorid  is  added.  Tests  were 
made  with  3.5  and  4  per  cent  sodium  chlorid,  but  no  growth  took 
place  in  either  of  the  latter  media.     (Like  the  Lewis  organism.) 

Bouillon  over  chloroform. — No  growth  occurs  in  10  cc.  of  peptone- 
beef  bouillon  over  5  cc.  of  chloroform.  Three  different  tests  were  made, 
one  in  which  the  quantity  of  chloroform  was  reduced  to  3  cc.  No 
growth  occurred.  The  same  bouillon  inoculated  without  chloroform 
showed  abundant  growth  in  48  hours.  (The  Lewis  organism  grows  in 
this  medium.) 

Decoction  of  geranium  leaves. — Fifty  gm.  of  fresh  geranium 
leaves  were  boiled  in  a  liter  of  water,  then  filtered  and  autoclaved.  It 
tested +  6,  Fuller's  scale;  PH  4.1.  The  organism  was  slow  in  appearing 
and  grew  but  feebly  in  this  medium.     (Not  unlike  the  Lewis  organism.) 

Geranium  agar. — Some  of  the  decoction  described  above  was  made 
up  into  agar  by  adding  2  per  cent  agar.  The  medium  titrated  +  6  Ful- 
ler's scale;  PH  4.1.  A  mere  trace  of  growth  occurred  in  the  agar  made 
from  the  decoction.     (Not  unlike  the  Lewis  organism.) 

Nitrate  bouillon. — There  is  slight  growth  in  2  days  in  beef  bouillon 
containing  1  per  cent  potassium  nitrate;  good  growth  in  four  days.  A 
partial  pellicle  is  formed  rather  heavy  with  crystals.  This  pellicle  falls 
apart  in  handling  the  tube.  (The  Lewis  organism  makes  a  persistent 
pellicle.) 

Fermi's  solution. — In  2  days  there  is  a  faint  clouding  at  tempera- 
tures of  250  to  280  C.  The  clouding  is  still  faint  in  2  weeks.  In  older 
cultures  an  incomplete  pellicle  is  formed.  There  is  no  green  fluorescence 
with  age.  A  culture  3  months  old  is  Ridgway's  old  gold  color.  (The 
Lewis  organism  produces  green  fluorescence.) 

Cohn's  solution. — There  is  no  growth  in  Cohn's  solution.  (The 
Lewis  organism  grows  in  Cohn's  solution  without  greening.) 

Uschinsky's  solution. — At  temperatures  250  to  2S0  C,  which  are 
favorable  temperatures  for  this  organism,  there  is  only  a  mere  trace  of 
growth  in  2  days,  and  no  heavier  at  7  days.     In  2  weeks  clouding  is  better, 


•  Ridgway,  Robert,  op.  cit  . 
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and  later  an  incomplete  pellicle  forms.  There  is  no  change  in  the  color 
of  the  medium  when  cultures  are  3  months  old.  (The  Lewis  organism 
grows  promptly  in  this  medium  without  greening.) 

Gelatin  stab. — With  +10  beef-infusion  gelatin,  stab  and  plates,  the 
liquefaction  occurs  slowly.  Plates  thickly  sown  show  slight  liquefaction 
in  7  days,  and  most  of  the  plate  liquefies  in  12  days.  Temperature  18. 50 
to  200  C.  The  liquefaction  starts  in  the  stab  cultures  in  6  days  and 
continues  slowly  across  the  surface.  In  1  month  they  are  about  one- 
fourth  liquefied.  In  2>£  months  the  stabs  are  slightly  over  half  lique- 
fied. In  3%  months  one  stab  was  entirely  liquefied  and  the  others 
three-fourths.  In  \%  months  all  cultures  are  entirely  liquefied.  (The 
Lewis  organism  liquefies  a  stab  culture  in  4  weeks.) 

Lactose  litmus  agar. — Growth  takes  place  readily.  There  is  no 
color  change  in  5  days.  In  7  days  the  bacteria  have  taken  up  color, 
and  a  mass  on  a  platinum  loop  looks  green.  The  slant  has  become 
blue,  but  the  agar  at  the  bottom  of  the  tube  has  not  changed  color. 
In  16  days  the  color  of  slant  is  still  blue;  that  part  of  the  medium  in 
the  bottom  of  the  tube  is  unchanged.  (The  Lewis  organism  reddens 
the  medium.) 

Steamed  carrot  cylinders. — Growth  does  not  take  place  quickly 
on  carrot  cylinders,  but  in  12  days  the  surface  of  each  is  covered  with 
a  creamy  growth,  smooth,  wet  shining,  not  viscid.  There  is  no  brown- 
ing of  the  medium  in  25  days.  (The  Lewis  organism  browns  the 
medium.) 

Steamed  white  Turnip. — Growth  is  slow  in  starting  on  this  medium 
and  is  always  thin.  It  is  creamy  in  color,  wet  shining,  not  viscid.  The 
medium  is  neither  softened  nor  browned  in  25  days.  (Mr.  Lewis  says 
this  medium  is  favorable  for  growth  and  that  it  becomes  soft  and 
brown.) 

Indol. — There  is  a  slight  production  of  indol  in  Dunham's  solution 
cultures  10  days  old.  It  is  still  slight  when  the  cultures  are  18  days 
old.  The  tests  were  made  with  sulphuric  acid  and  sodium  nitrite. 
(Like  the  Lewis  organism.) 

Hydrogen  sulphid. — Hydrogen  sulphid  is  produced.  The  organism 
was  grown  on  potato  cylinders,  beef  agar,  lactose  agar,  and  in  beef 
bouillon.  The  test  was  made  by  suspending  lead  acetate  paper  in  the 
culture  tubes.  The  paper  became  well  blackened  in  every  case.  (The 
Lewis  organism  does  not  produce  hydrogen  sulphid  in  any  of  these 
media,  not  even  after  prolonged  exposure.) 

Ammonia  production. — The  organism  produces  ammonia.  Cultures 
of  beef  bouillon  and  peptone  water  both  10  days  and  3  weeks  old  were 
tested  with  Nessler's  solution.  Strips  of  filter  paper  were  moistened 
with  the  solution  and  suspended  in  the  tubes  to  be  tested.  The  cul- 
tures were  then  heated  in  a  water  bath.  A  red-brown  color  appeared 
on  the  filter  paper  immediately.     (Same  as  Lewis's  organism.) 

Nitrate  reduction. — There  is  no  reduction  of  nitrates  to  nitrites. 
Tests  were  made  with  nitrate  bouillon  in  which  the  organism  grew  very 
well.  Ten-day  and  28-day  cultures  were  tested.  Bacillus  coli  grown 
in  the  same  medium  and  tested  by  the  same  method  (starch-iodin  sul- 
phuric acid  test)  gave  a  positive  test.     (Same  as  Lewis's  organism.) 

Reduction  of  litmus. — Litmus  is  reduced  in  10  to  15  days  in  sterile 
milk.     (Not  appreciably  different  from  Lewis's  organism.) 
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Methylene  blue. — Reduction  of  methylene  blue  takes  place  in  7  to 
1 1  days,  according  to  temperature.  Tests  for  the  reduction  were  made 
in  milk  colored  to  a  robin's  egg  blue.  The  reduction  begins  from  the 
bottom  of  the  tube  and  goes  upward.  In  3  days  it  is  white  at  the  bot- 
tom of  the  tube  for  one-eighth  of  the  liquid.  The  rest  of  the  liquid  is 
a  slightly  lighter  blue  than  the  control.  No  coagulation  occurs.  In  n 
days  there  is  entire  reduction  in  some  tubes.  When  entirely  reduced 
the  milk  coagulates.  Those  tubes  with  a  slight  blue  at  the  surface  are 
not  coagulated.  In  15  days  the  blue  in  all  tubes  is  wholly  reduced. 
Temperature  200  to  22  °  C.  When  tubes  of  methylene  blue  milk  are 
inoculated  and  placed  at  270  to  280  reduction  occurs  throughout  in  6 
days.  (With  the  Lewis  organism  the  tests  for  the  reduction  of  methy- 
lene blue  were  negative.) 

THERMAL  RELATIONS 

Thermal  death  point. — The  thermal  death  point  lies  between  51  ° 
and  5 1. 50  C.  Transfers  were  made  from  well-clouded  24-hour-old  cul- 
tures and  tested  many  times.  The  beet  bouillon  titrating  + 13  to  +17 
on  Fuller's  scale  (PH  6.8  to  7.0)  was  held  in  thin- walled  test  tubes  and 
after  transfers  were  made  was  kept  and  heated  for  10  minutes  at  con- 
stant temperature  in  a  water  bath.  Growth  occurred  at  all  temperatures 
tried  (480,  48.50,  49°,  49.50,  50°,  50.50,  50  except  51.50.  Once  in 
six  tubes  there  was  no  growth  at  500,  but  in  another  six  tubes  all  grew 
at  50.50.  In  one  out  of  two  tests  growth  took  place  at  510.  None  at 
51. 50.     (The  thermal  death  point  of  the  Lewis  organism  is  48. 50.) 

Optimum  temperature. — The  optimum  temperature  is  around  270  C. 
Tests  were  made  with  temperatures  from  io°  to  400.  The  organism 
clouds  +15  bouillon  in  24  hours  from  230  to  28°,  but  in  48  hours  the 
growth  is  heavier  at  260  to  280.     (Agrees  with  the  Lewis  organism.) 

Minimum  temperature. — Growth  occurs  at  i°  C.  In  one  test  with 
the  organism  grown  in  + 15  beef  bouillon  there  was  a  trace  of  clouding 
in  16  days.  The  temperature  ranged  from  —  i°  to  1.750.  In  a  sec- 
ond test  in  which  the  thermostat  ranged  from  o.6°  to  1.250 — never  over 
1.250  and  usually  under  i° — growth  was  visible  in  49  days.  It  was 
never  more  than  a  faint  clouding.  (The  Lewis  organism  grows  in  both 
beef  agar  and  beef  bouillon  at  o°.) 

Maximum  temperature. — Growth  occurs  at  350  C,  but  it  is  very 
feeble.  There  is  none  at  all  at  360  to  370.  (Very  little  difference  from 
the  Lewis  organism.-) 

TEST  FOR  ANAEROBISM 

The  organism  will  not  grow  in  an  atmosphere  deprived  of  oxygen. 
Agar  and  bouillon  transfers  were  placed  in  a  specially  devised  jar  from 
which  the  oxygen  was  removed  as  follows:  A  solution  of  35  gm.  of  potas- 
sium hydroxid  dissolved  in  350  cc.  of  water  was  poured  over  40  gm.  of 
pyrogallic  acid.  The  bottle  for  this  solution  had  previously  been  adjusted 
in  a  jar  where  the  transfers  were.  The  mixture  was  poured  in  the  bottle 
and  its  top  left  uncovered;  but  the  jar  was  covered,  then  another  cover 
inserted  in  a  bed  of  mercury  was  placed  over  the  whole.  A  tube  of 
methylene  blue  milk  and  litmus  milk  had  been  placed  in  the  jar  with  the 
cultures  as  controls  on  the  presence  of  oxygen. 
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No  growth  occurred  in  any  of  the  cultures  in  the  jar.  The  bouillon 
control  in  the  room  showed  good  growth.  The  methylene  blue  had  faded 
considerably  in  1 1  days.  The  litmus  did  not  fade  until  1 5  days  after 
setting  up  the  experiment.  A  careful  watch  was  kept  for  over  3  weeks, 
but  no  growth  took  place  in  the  cultures  until  they  were  removed  from 
the  jar.     (Like  the  Lewis  organism.) 

RELATION  TO  MOISTURE 

This  test  was  followed  out  according  to  Mr.  Lewis's  rod  method.  Glass 
rods  were  held  in  place  in  test  tubes  by  passing  them  through  the  cotton 
plugs,  after  which  the  tubes  were  sterilized.  Next  the  rods  were  dipped 
to  a  uniform  depth  in  a  6-day-old  bouillon  culture,  returned  to  the  tubes, 
and  left  to  dry  at  room  temperature  which  varied  from  180  to  230  C. 
Care  was  taken  that  the  rod  did  not  rest  against  the  side  of  the  tube  and 
prevent  a  uniform  drying.  At  intervals  of  24  hours  several  of  these  rods 
were  transferred  each  to  a  tube  of  beef  bouillon.  Growth  occurred  in  one 
test  after  the  cultures  on  rods  had  been  dried  7  days.  In  a  second  test 
made  exactly  the  same  way,  growth  did  not  occur  when  dried  7  days  but 
did  occur  at  6  days.  Evidently  6  days  is  about  the  limit  of  drying  for 
a  6-day-old  culture  of  this  organism.     (Like  Lewis's  organism.) 

GROWTH  IN  FERMENTATION  TUBES 

Gas  formation. — The  organism  is  aerobic  so  far  as  tested  and  does 
not  form  gas.  It  was  tested  in  fermentation  tubes  in  the  presence  of 
each  of  the  following  carbon  compounds:  saccharose,  dextrose,  lactose, 
maltose,  and  glycerin;  1  per  cent  of  these  being  added  to  a  2  per  cent 
water  solution  of  Witte's  peptone.  No  gas  formed  in  any  of  the  tubes. 
Growth  occurred  in  the  open  arm  of  each  tube  but  none  in  the  closed  arm. 

The  cultures  were  tested  for  acidity  after  they  had  grown  21  days. 
Five  tests  were  made — two  in  January,  in  which  Witte's  peptone  was 
used  in  one  and  Difco  peptone  was  used  in  the  other.  Another  test 
containing  Witte's  peptone  was  made  in  June.  The  fourth  and  fifth 
tests  were  made  in  July  with  Witte's  and  Difco  peptone,  as  shown  by 
Table  I.  Tests  1,2,  and  3  are  with  Witte's  peptone,  4  and  5  with  Difco. 
The  results  are  as  indicated  in  Table  I,  and  it  is  interesting  to  note  how 
the  same  organism  varies.  With  Difco  peptone,  the  acidity  of  the 
medium  was  considerably  reduced  by  the  growing  organism. 

Titrations  with  phenolphthalein  were  made  before  inoculating  and 
again  after  the  organism  had  grown  2 1  days.  The  first  test  after  2 1  days 
showed  there  was  little  change  in  acidity  in  the  cultures.  The  saccharose, 
dextrose,  and  glycerin  cultures  were  slightly  more  acid  than  the  controls; 
the  maltose  and  lactose  cultures  were  less  acid.  In  the  second  test  after 
2 1  days  all  cultures  were  more  acid  than  the  controls.  In  the  third  test 
after  2 1  days  there  was  no  change  in  acidity  with  dextrose,  lactose,  and 
glycerin;  there  was  increase  with  saccharose  and  decrease  with  maltose. 
The  fourth  and  fifth  tests  after  2 1  days  were  made  with  Difco  peptone. 
Titrations  showed  there  was  decidely  less  acidity  in  the  cultures  than  in 
the  uninoculated  media. 

To  determine  further  the  changes  in  acidity,  some  of  each  of  the  same 
medium  was  tested  with  the  indicators  brom  thymol  blue,  brom  cresol 
purple,  phenol  red  or  cresol  red,  before  inoculating.  This  was  done  at 
the  same  time  they  were  tested  on  Fuller's  scale.     In  all  five  tests  the 
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PH  values  were  found  to  vary  from  PH  7.0  to  6.6 — that  is,  from  neutrality 
slightly  to  the  acid  side.  After  inoculating,  vigorous  growth  occurred  in 
all  cultures.  At  the  end  of  21  days  tests  were  again  made  with  the 
indicators.  There  was  no  increase  in  the  hydrogen-ion  concentration. 
As  indicated  by  the  records  (PH  7.2  to  8.6)  there  was  decrease  in  the 
hydrogen-ion  concentration.  In  all  five  tests  there  was  a  uniformity  of 
these  changes  in  acidity,  as  shown  by  the  indicators  named  above. 

The  titrations  with  phenolphthalein  of  cultures  grown  in  carbohydrate 
media  containing  Witte's  peptone  were  somewhat  different  from  those 
made  by  Mr.  Lewis  with  his  organism,  though  not  so  strikingly  so  as 
with  the  Difco  peptone.  The  second  test  was  the  only  one  that  showed 
an  increase  in  acidity  throughout. 

At  the  time  of  Mr.  Lewis's  experiments  (his  work  was  published  in 
19 14)  Witte's  peptone  was  in  general  use  in  laboratory  media. 

Table  I. — Acidity  of  cultures  of  the  writer's  geranium  leafspot  organism 


Pn. 

Fuller's  scale. 

.Medium. 

Witte's  peptone. 

Difco  peptone. 

Witte's  peptone. 

Difco  peptone. 

First 
test. 

Second 
test. 

Third 
test. 

Fourth 
test. 

Fifth 
test. 

First 
test. 

Second 
test. 

Third 
test. 

Fourth 
test. 

Fifth 
test. 

Saccharose: 

Inoculated  21  days.  . 
Dextrose: 

Uninoculated 

Inoculated  21  days.  . 
Maltose: 

Inoculated  21  days.  . 
Lactose: 

Uninoculated 

Inoculated  21  days.  . 
Glycerine: 

Inoculated  21  days. . 
Peptone  water: 

Inoculated  21  days. . 

7.0 
7.6 

6.8 
7.6 

6.9 
8.2 

6.8 

8.2 

6.9 
8.1 

7-o 
8.1 

7.0 
7.6 

6.7 

7-8 

6.8 
8.0 

6.8 
7-6 

7.0 
7.6 

No  test. 
...do... 

7.0 

7-2 

6.8 

7-4 

6.8 
7-4 

6.8 
7-4 

7.0 
7-4 

7.0 
7-4 

7.0 
8.2 

6.8 
7-4 

7.0 
8.4 

7.0 
8.6 

7.0 
7.6 

7-0 
8.4 

6.8 

7-2 

6.6 

7-4 

6.6 

7-4 

6.6 
8.0 

6.8 
7-4 

6.8 

7-4 

+8.5 
+  12 

+8.0 
+  16.  s 

+8.S 
+4 

+9-5 

+8 

+8.0 
+  10.  s 

+9.0 
+8 

+9 

+  17 

+  10 
+  21 

+9 
+  16 

+  9 
+  18 

+8 

+  15 

No  test. 
...do... 

+  10 

+15 

+  10 
+10 

+9 

+  7 

+9 

+  9 

+  9 
+9 

+  9 

+  7 

+  10 

0 

+  11 
+6 

+  11 

—5 

+  10 

—  5 

+  11 
+3 

+9 
-5 

+  13 
+  it 

+12 
+8 

+  12 

+8 

+  12 

+8 

+  14 
+9 

+  12 

+3 

SENSITIVENESS  TO  ACIDS  AND  ALKALIES 

In  uncorrected  beef  juice  (titrating  +23)  part  made  alkaline  with 
sodium  hydroxid  and  part  acidulated  with  hydrochloric  acid  the  titration 
range  of  the  organism  is  —6  to  +28  (PH  8.7  to  5.7). 

Table  I  shows  there  is  a  reduction  in  the  H-ion  concentration  after 
the  organism  has  grown  on  the  media  21  days  when  both  Witte's  and 
Difco  peptone  are  used.  A  reduction  of  acid  is  indicated  on  Fuller's 
scale  when  Difco  peptone  is  used,  while  with  the  Witte's  peptone  there 
is  no  uniformity  of  reduction  or  increase  of  acidity  (indicated  on  Fuller's 
scale)  though  the  table  shows  there  are  more  cases  of  increase  than 
decrease. 

The  Lewis  organism  increased  in  acidity  from  4  to  8  points  on  Fuller's 
scale  as  Table  II  shows. 
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Table  II. — Acidity  of  Lewis's  geranium  leaf  spot  organism 


Medium. 


Saccharose . 


Dextrose . 


Maltose . 
Lactose . 


Glycerine. 


Uninoculated 

Inoculated  21  days. 

Uninoculated 

Inoculated  21  days. 

Uninoculated 

Inoculated  21  days. 

Uninoculated 

Inoculated  21  days. 

Uninoculated 

Inoculated  21  days. 


In  neutral  beef  bouillon  acidulated  to  +  22  with  hydrochloric  acid 
there  is  no  growth.  This  test  was  made  because  it  was  not  stated 
in  Mr.  Lewis's  article  what  his  foundation  beef  bouillon  was.  In  the 
same  neutral  bouillon  acidulated  with  malic  acid  there  is  growth  at  +  10 
(PH  7.1);  none  at  +  19.5  (PH  6.5).  Acidulated  with  lactic  acid,  there  is 
growth  at  +9  (PH   7.1).     There  is  none  at  +22  (PH  6.1). 

Thinking  that  perhaps  Mr.  Lewis  had  used  beef  extract  and  Witte's 
peptone  instead  of  beef  infusion  and  Difco  peptone,  tests  were  made 
using  beef  extract  media  with  these  acids  and  with  tartaric  acid  added  to 
the  list. 

There  was  growth  in  the  extract  (uncorrected  +  7)  made  neutral  and 
then  acidulated  with  malic  acid  to  +10  (PH    6.2);  no  growth  in  +21 

(Ph  4-9). 

With  lactic  acid  there  was  growth  in   +9   (PH    6.4);  none  in   +18 

(Ph  4-9)- 

With  tartaric  acid  there  was  growth  in  +9  (PH    6.4);  none  in  +20 

(Ph  4-7). 

With  hydrochloric  acid  there  was  no  growth  at  +  2 1  (PH  4.0) . 

In  peptonized  beef  juice  made  alkaline  with  sodium  hydroxid,  growth 
takes  place  to  —6  (Pn  8.7).     No  growth  takes  place  at  —9  (PH  9.1). 

With  peptonized  extract  of  beef,  the  titration  of  which  was  +  7  reduced 
with  sodium  hydroxid  to  —  2,  —  6.5,  and  —  13.5,  there  was  growth  at  —  2 
and  —6.5  (PH  8.4  and  9.4,  respectively). 

In  a  long  series  of  tests  with  peptone-beef  bouillon  in  which  the  beef 
juice  was  used,  the  titration  range  of  the  organism  was  found  to  be  —  6 
to  +28  and  the  PH  range  8.7  to  5.7. 

Mr.  Lewis's  notes  are  as  follows  regarding  sensitiveness  to  acids  and 
alkalies : 

The  organism  grows  best  in  culture  media  that  are  acidulated  to  +15  or  +20  with 
HC1.  Growth  does  not  occur  at  +40  and  is  retarded  above  +30.  The  same  degree 
of  acidity  is  not  tolerated  when  malic,  tartaric  or  lactic  acids  are  employed.  The 
growth  in  +8.5  lactic  acid  appears  to  be  about  the  optimum  for  this  acid,  and  the 
maximum  is  lower  than  for  hydrochloric.     Growth  fails  at  +30  tartaric  and  malic. 

In  media  titrated  to  —10  with  normal  NaOH  the  growth  is  retarded,  while  no 
growth  occurs  at  —20.  In  neutral  bouillon  growth  proceeds  more  slowly  than  in 
+  10  or  -|-2o. 
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MORPHOLOGY  OF  THE  ORGANISM 

The  organism  was  studied  in  the  cells  of  the  spots  on  the  leaves  which 
had  been  sectioned  and  stained  with  carbol  fuchsin  and  in  2 -day-old 
beef  agar  cultures  stained  with  carbol  fuchsin.  It  is  a  short  rod  with 
rounded  ends;  stained  in  diseased  material  it  is  0.62  il  to  1.46  /*  long  and 
0.61  n  to  0.83  n  wide.  In  the  agar  cultures  the  size  is  0.62  to  1.25  fj. 
long  and  0.41  ll  to  1.04  /x  wide.  In  cultures  the  rods  hang  together  in 
chains  of  2  to  16  elements,  but  mostly  6  to  8.  Capsules  were  demonstrated 
in  2-day-old  agar  cultures  stained  with  Ribbert's  capsule  stain  and  also 
with  carbol  fuchsin. 

Flagella  were  stained  with  Casares-Gil's  flagella  stain.  There  is  one 
flagellum  at  a  pole,  rarely  one  at  each  pole.  One  case  was  observed  of 
a  branched  flagellum  at  a  single  pole.  No  spores  were  demonstrated  in 
a  culture  of  any  age  nor  were  any  involution  forms  seen.  The  organism 
is  not  acid  fast  nor  does  it  stain  by  Gram's  method  but  is  stained  readily 
with  ordinary  basic  aniline  stains. 

The  morphological  differences  between  the  two  organisms  are  slight. 
The  size  of  the  Lewis  organism  is  1.2  to  1.8  ll  by  0.6  to  0.8  ll,  with  rare 
involution  forms.  No  spores  or  capsules  are  demonstrated.  It  is  Gram 
negative,  not  acid  fast,  and  bears  1  to  3  polar  flagella  at  one  pole  only. 

NATURAL  INFECTION  AND  CONTROL 

The  disease  under  the  writer's  observations  is  one  that  occurs  through- 
out the  Eastern  States  in  greenhouses  and  attacks  the  plants  usually 
when  they  are  rooted  cuttings  and  growth  is  being  forced.  We  have 
never  noticed  the  disease  on  old,  slow-growing  plants  except  in  a  few 
cases  when  the  plant  had  been  cured  of  the  disease  and  then  the  spots 
were  few  and  on  leaves  that  had  held  over  from  the  early  attack.  When 
the  disease  occurs  out  of  doors,  as  it  sometimes  does,  it  is  due  to  crowd- 
ing or  to  unfavorable  weather  conditions  acting  on  susceptible  varieties. 
The  occurrence  of  the  disease  on  the  grounds  of  the  United  States 
Department  of  Agriculture  was  mentioned  in  the  early  part  of  this 
paper.  It  is  probable  that  the  disease  began  in  the  greenhouse  un- 
observed and  continued  when  the  plants  were  set  out  in  the  beds,  hot 
weather  and  moist  conditions  favoring  a  rapid  development  of  the 
disease.  It  has  not  occurred  in  the  grounds  for  the  last  10  years,  the 
very  susceptible  varieties  having  been  discarded. 

There  has  never  been  any  insect  present  on  any  of  the  diseased  material 
received  from  the  various  sources.  Occasionally  geranium  leaves  are 
received  which  are  infested  with  red  spider  (Tetranychus  telarius  L.), 
but  the  spotting  due  to  this  mite  is  of  a  different  type. 

From  all  the  evidence  gathered  the  organism  seems  to  be  one  harbored 
in  the  soil.  The  disease  is  not  a  serious  one  unless  the  physical  condition 
of  the  plant  is  weakened  by  too  rapid  growth  and  too  moist  or  too  warm 
an  atmosphere  with  little  chance  of  air  circulating  between  plants,  and 
last,  but  not  least,  too  little  care  in  watering. 

Experiments  leading  to  the  control  of  the  disease  could  not  be  under- 
taken in  the  greenhouses  where  the  disease  occurred  because  of  distance. 
Control  work,  however,  was  attempted  with  our  own  plants  on  which 
the  disease  had  been  produced.  The  spotted  leaves  were  picked  off, 
the  plants  separated  from  each  other  in  order  to  give  them  light  and 
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plenty  of  air,  and  care  was  exercised  in  watering  them.  Under  these 
conditions  the  disease  disappeared  entirely  by  the  end  of  six  weeks  and 
did  not  return. 

TECHNICAL  DESCRIPTION  OF  THE  ORGANISM 

Bacterium  pelargoni,  n.  sp. 

A  motile  rod  with  rounded  ends,  usually  borne  in  pairs,  occurring  also  in  chains 
average  size  1.02  by  0.67  n\  one  polar  flagellum;  capsules;  no  spores  or  involution 
forms  noted;  agar  colonies  cream  colored,  round,  shining,  with  delicate  internal 
markings;  liquefies  gelatin  slowly;  reduces  litmus  and  methylene  blue  and  greens 
the  latter;  produces  ammonia,  indol  (slight)  and  hydrogen  sulphid;  does  not  reduce 
nitrates  to  nitrites;  grows  weakly  in  Uschinsky's  and  Fermi's  solutions  and  not  at 
all  in  Cohn's;  coagulates  sterile  milk;  is  aerobic;  has  feeble  diastasic  action  on  potato 
starch;  maximum  temperature  350  C,  minimum  i°,  optimum  270;  thermal  death 
point  between  51°  and  51.50;  resists  drying  six  days  when  6-day -old  cultures  are 
used;  tolerates  sodium  hydroxid  in  peptone-beef  infusion  to  —6  Fuller's  scale 
(colorimetric  determination  PH  8.7)  and  hydrochloric  acid  to  +28  (PH  5.7);  does 
not  produce  gas  from  sugars  or  alcohols  tested ;  is  Gram  negative ;  not  acid  fast ;  stains 
readily  with  carbol  fuchsin,  methylene  blue,  and  gentian  violet;  is  pathogenic  to 
cultivated  geraniums,  causing  dead  spots  on  the  leaves. 

The  organism  is  unlike  the  one  described  by  Lewis  from  Texas  as  the  cause  of  a 
spot  disease  of  Erodium  amd  Pelargonium  and  may  be  called  Bacterium  pelargoni. 
It  has  been  reported  from  various  parts  of  the  Eastern  United  States  from  Virginia 
to  Massachusetts  and  has  been  under  observation  in  the  Laboratory  of  Plant  Pathology, 
Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture,  at  different 
times  for  the  last  20  years. 

SUMMARY 

A  bacterial  leafspot  disease  of  the  cultivated  geranium  occurs  wide- 
spread in  the  Eastern  States.  It  is  mostly  a  greenhouse  disease  but 
occurs  occasionally  on  plants  grown  out  of  doors. 

The  organism  was  isolated  from  diseased  plants  received  from  different 
sources  and  the  disease  reproduced  on  the  leaves  of  healthy  plants. 

Warm,  moist  conditions  with  poor  ventilation  are  necessary  for  the 
organism  to  infect  the  leaves  extensively. 

Care  in  regulating  the  temperature,  air,  and  moisture  conditions  of 
the  greenhouse  and  in  giving  plenty  of  space  to  plants  grown  out  of  doors 
will  go  far  toward  preventing  the  appearance  of  the  disease  and  toward 
curing  it  when  it  is  present.  All  spotted  leaves  should  be  removed  and 
destroyed.     Very  sensitive  varieties  should  be  discarded. 

The  name  Bacterium  pelargoni  is  suggested  for  the  organism  causing 
the  disease. 
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PLATE  i 

A. — Bacterial  spots  occurring  on  plants  in  Department  of  Agriculture  grounds, 
Washington,  D.  C. 

B — Bacterial  spots  occurring  on  greenhouse  plants  in  Maryland.       Natural  size. 
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PLATU  a 

Geranium  leafspot  from  New  Jersey.     Natural  size. 
25621—23 6 


PLATE  3 

A. — Geranium  leaves  inoculated  with  leafspot  organism  (New  Jersey)  by  spraying. 
May  5,  1920.     Photographed  May  26,  1920. 

B. — Geranium  leaves  sprayed  with  water  suspension  of  geranium  leafspot  organism 
(Maryland)  March  31,  1915.     Photographed  April  25,  1915. 

Natural  size. 
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HYUROGEN-ION  CONCENTRATION  AND  VARIETAL  RE- 
SISTANCE OF  WHEAT  TO  STEMRUST  AND  OTHER 

DISEASES  » 

By  Annie  May  Hurd  2 

Assistant  Physiologist,  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United 

States  Department  of  Agriculture 

INTRODUCTION 

The  historical  development  of  the  subject  of  varietal  resistance  to 
disease  among  plants  has  been  traced  in  considerable  detail  by  a  number 
of  writers  (4,  9,  21,  29,  31), 3  so  that  a  brief  summary  of  the  many  theories 
proposed  in  the  literature  will  suffice  to  give  the  background  for  the  pres- 
ent study.  Among  the  morphological  characters  which  have  been  con- 
sidered responsible  for  resistance  to  some  parasite  are  size  of  stomata, 
waxiness  or  hairiness  of  leaves  or  stems,  toughness  or  thickness  of  cell 
walls  or  cuticle,  and  structure  and  extent  of  root  system.  Among  the 
physiological  characters  are  the  ability  to  form  cork  around  the  invading 
organism;  such  rapid  growth  of  the  host  that  the  parasite  is  unable  to 
keep  up  with  the  growing  tip;  the  presence  of  phagocytes  or  antitoxins 
in  the  host  (conferring  immunity  in  a  manner  analogous  to  that  of 
animals) ;  the  activity  of  enzyms ;  the  concentration  of  the  cell  sap ;  the 
lack  of  any  substance  stimulating  the  chemotropic  responses  of  the 
organism  necessary  for  the  latter's  successful  entry  and  progress  in  the 
susceptible  variety;  the  lack  or  subminimal  amount  of  some  nutrient 
necessary  to  the  growth  of  the  parasite  in  the  host  tissue;  the  presence 
in  lethal  quantity  of  some  substance  toxic  to  the  invading  organism.  In 
support  of  these  various  views  comparative  determinations  of  many  plant 
constituents,  among  them  silica,  manganese,  cellulose,  starch,  sugar, 
tannin,  protein,  volatile  oils,  and  acids,  have  been  made. 

Of  late  years  there  has  been  considerable  speculation  on  the  probability 
that  the  concentration  of  free  hydrogen-ions  in  the  cell  sap  of  the  host  is 
the  determining  factor  in  resistance.  So  far,  no  definite  relation  has 
been  established  between  this  character  and  degree  of  resistance  to 
parasites.  Hawkins  and  Harvey  (14),  working  on  potato  varieties 
resistant  and  susceptible  to  Pythium  debaryanum,  Weiss  and  Harvey  (33) 
on  Chrysophlyctis  endobiotica  in  potatoes,  and  Spriesterbach  *  on  wheat 
rust,  all  report  that  hydrogen-ion  concentration  bears  no  relation  to 
ability  to  resist  disease.  The  present  investigation  was  undertaken  for 
the  purpose  of  furnishing  additional  data  on  the  hydrogen-ion  concentra- 
tion of  the  expressed  juice  of  a  number  of  wheat  varieties,  some  resistant 
and  others  susceptible  to  stemrust  {Puccinia  graminis  tritici  Pers.). 

1  Accepted  for  publication  May  13,  1922. 

'  Grateful  acknowledgement  is  here  made  to  Dr.  H.  B.  Humphrey  and  Dr.  H.  Hasselbring  for  their 
helpful  suggestions  and  criticisms.  To  the  office  of  Physiological  and  Fermentation  Investigations  I  am 
indebted  for  the  loan  of  equipment. 

5  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  384-386. 

*  Spriesterbach,  D.  O.  biochemical  study  of  resistance  to  disease  in  plants.  Unpublished 
report  referred  to  by  Gortner  (ro,  p.  40). 
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MATERIAL,5  APPARATUS,  AND  METHODS 

Most  of  the  plants  were  grown  in  the  greenhouse ;  but  when  very  young 
material  was  desired  the  seedlings  were  grown  to  a  height  of  3  or  4  inches, 
without  light,  in  the  germinating  chambers  of  the  Seed-Testing  Labora- 
tory of  the  Bureau  of  Plant  Industry.  By  this  means,  the  possibility 
of  error  from  soil  adhering  to  the  plants  was  avoided.  The  greenhouse 
plants  were  grown  either  on  the  benches  or  in  pots;  the  germinator  seed- 
lings on  clean  cloths  on  trays  in  the  practically  saturated  atmosphere  of 
the  incubators  at  a  temperature  of  approximately  200  C.  The  varieties 
were  always  grown  and  studied  in  pairs,  consisting  of  a  resistant  and  a 
susceptible  one,  as  similar  morphologically  as  possible,  or  in  groups  of 
three  or  four,  in  order  that  varying  environmental  conditions  might 
affect  in  like  degree  the  resistant  and  susceptible  types  in  any  given  set  of 
determinations  and  thus  not  obscure  inherited  differences. 

For  analysis,  germinator  seedlings  Avere  cut  off  just  above  the  seed 
and  soil-grown  seedlings  1  or  2  inches  from  the  ground  in  order  to  avoid 
contamination  by  soil  that  might  be  clinging  to  the  lower  part  of  the 
culms.  They  were  ground  to  a  fine  pulp  in  a  food  chopper  which,  being 
without  any  sharp  cutting  edges,  macerated  the  material  thoroughly. 
The  juice  was  then  squeezed  from  this  pulp  by  hand  through  small 
muslin  bags  which  had  been  washed  and  boiled  thoroughly  in  distilled 
water  and  used  but  once.  The  juice  was  kept  covered  in  glass-stoppered 
weighing  bottles,  and  the  determinations  were  made  as  quickly  as  possible 
in  order  to  avoid  excessive  change  in  reaction  due  to  oxidations.  Centri- 
fuging  was  not  necessary. 

The  plants  were  not  frozen,  as  recommended  by  Dixon  and  Atkins  (8) , 
nor  otherwise  treated  to  make  the  cells  permeable  before  expressing  the 
sap.  Harvey  (12)  has  shown  that  freezing  changes  the  reaction  of  cab- 
bage juice.  It  is  true  that  Andre  (1,  2)  found  that  the  concentration  of 
the  juice  of  untreated  tissue  varies  inversely  with  the  pressure  applied, 
and  that  Marie  and  Gatin  (18),  Dixon  and  Atkins  (8),  and  others  have 
shown  that  the  first  sample  pressed  out  may  be  more  concentrated  than 
subsequent  ones.  But  Harvey  (rj)  points  out  that  in  a  buffered  plant 
juice  minor  differences  in  concentration  do  not  change  the  hydrogen-ion 
measurements  appreciably. 

The  hydrogen-ion  concentrations  were  determined  electrometrically. 
Potential  differences  were  measured  with  a  high-resistance  Wolff  poten- 
tiometer which  could  be  read  to  0.0000 1  volt.  The  accessory  equipment 
consisted  of  a  Siemens  and  Halske  galvanometer,  a  Weston  standard 
cell  standardized  by  the  Bureau  of  Standards,  and  a  2-volt  storage 
battery  in  series  with  a  Wolff  resistance  box  as  the  external  regulating 
resistance.  The  hydrogen  electrode  usually  attained  equilibrium  in  the 
wheat  juice  in  10  or  15  minutes.  The  final  reading  was  taken  when  the 
potential  difference  had  not  changed  by  more  than  0.0002  volt  in  five 
minutes.  The  saturated  calomel  electrodes  6  used  were  made  with  the 
usual  precautions  and  frequently  checked  by  the  potential  difference 
obtained  with  the  hydrogen  electrode  immersed  in  a  M/20  potassium  acid 
phthalate  solution,  PH  3.97  (<5). 

6  The  seed  for  these  experiments  was  obtained  from  the  agricultural  experiment  stations  at  Manhattan , 
Kans.,  Akron,  Colo.,  Moccasin,  Mont.,  Hays,  Kans.,  Highmore,  S.  Dak.,  St.  Paul,  Minn.,  Pullman,  Wash., 
Moro,  Oreg.,  Dickinson,  N.  Dak.,  and  from  the  agronomic  division  of  the  Office  of  Cereal  Investigations, 
Bureau  of  Plant  Industry. 

•  The  form  of  these  cells  was  designed  by  Dr.  R.  B.  Harvey. 
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The  hydrogen  electrode  was  a  piece  of  No.  24  platinum  wire  18  mm. 
long,  sealed  in  the  end  of  a  glass  tube  filled  with  mercury.  The  coating 
of  platinum  black  was  deposited  in  approximately  30  seconds  from  a 
3  per  cent  solution  of  platinum  chlorid  containing  a  trace  of  lead  acetate. 
A  freshly  platinized  electrode  was  used  for  each  determination. 

The  hydrogen  electrode  vessel  was  a  stationary,  closed  cylinder  of 
30-cc.  maximum  capacity,  the  liquid  being  thoroughly  agitated  by  the 
hydrogen  bubbling  through  it  at  the  rate  of  two  or  three  bubbles  per 
second.  Electrolytic  hydrogen,  freed  from  oxygen  by  being  passed 
over  a  palladium  asbestos  heating  coil,  was  used.  It  entered  the  elec- 
trode vessel  through  a  side  arm  of  the  glass  tube  enclosing  and  supporting 
the  hydrogen  electrode,  this  tube  being  narrowed  at  the  lower  end  for  the 
length  of  the  platinum  wire  constituting  the  electrode  so  that  the  bubbles 
of  hydrogen  washed  down  forcibly  and  broke  over  the  end  of  the  wire. 

Most  of  the  measurements  were  made  at  a  temperature  of  250  C. 
in  a  small  double-walled  room,  equipped  with  pipes  with  circulating 
water  for  cooling,  a  fan,  and  a  heating  coil  automatically  controlled 
by  a  Harvey  thermoregulator.  Temperature  changes  were  noted  and 
taken  into  account  in  making  the  computations. 

For  calculating  the  PH  values  from  the  potential  differences  measured 
Michaelis'  (20,  p.  157-158)  values  for  the  saturated  calomel  cell  and  for 
the  temperature  coefficient  were  used.  The  presentation  and  com- 
parison of  data  are  facilitated  by  using  the  simple  PH  units  of  Sorensen 
(25)  rather  than  the  numbers  indicating  the  normality  of  the  solutions 
in  terms  of  grams  of  hydrogen  per  liter.  Throughout  this  work  the 
procedure  was  to  make  at  least  three  successive  determinations  of  each 
sample,  and  the  average  of  these  determinations  was  taken  to  represent 
the  reaction  of  the  juice.  Measurements  on  the  same  sample  practically 
always  agreed  within  0.02  PH. 

RESULTS 

HYDROGEN-ION    CONCENTRATION   AND    VARIETAL   RESISTANCE 

Table  I  is  a  condensed  summary  of  the  results  of  the  hydrogen-ion 
concentration  determinations  of  the  expressed  juice  of  resistant  and  of 
susceptible  varieties  at  various  stages  of  development,  and  on  which 
the  varying  environmental  conditions  acted  in  equal  degree.  Each  PH 
value  given  is  an  average  of  the  reactions  of  at  least  four  varieties. 

Table  I. — Hydrogen-ion  concentration,  in  PH  units,  of  the  expressed  juice  of  wheat 
varieties  in  different  stages  of  development  and  grown  in  different  environments 


Environment. 


Germinating  chambers. 

Greenhouse  bench 

Do 

Greenhouse  pots  (unlimed) 
Greenhouse  pots  (limed). .. 
Field 


Averages  of 

Averages  of 

Age. 

resistant 

susceptible 

varieties,  o 

varieties. 
Ph 

Weeks. 

Ph 

I 

5-96  (J4) 

5-98(l5) 

1 

5-^9    (7) 

5-92     (7) 

2-4 

5.86(14) 

5-84(l4) 

4-6 

5.89(11) 

5-87     (5) 

4-5 

6.13     (7) 

6.  14    (4) 

6-7 

5-54    (7) 

5-54    (4) 

Approxi- 
mate soil 
reaction.  * 

Ph 

7.0 
7.O 

7.0 

7-5 
7.0 


o  The  figures  in  parentheses  indicate  the  number  of  samples  averaged. 

*  Determined  colorimetrically  with  Wherry's  (34)  set  of  indicators  and  a  set  of  buffered  color  standards, 
for  the  use  of  which  the  writer  is  indebted  to  Miss  Agnes  Quirk,  of  the  Laboratory  of  Plant  Pathology 
Bureau  of  Plant  Industry. 
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The  most  evident  fact  revealed  by  the  data  is  that  there  is  tio  significant 
difference  in  the  PH  values  of  the  juice  of  resistant  and  of  susceptible 
varieties  of  wheat.  It  is  rather  surprising  that  there  is  so  little  differ- 
ence between  the  reactions  of  plants  of  varieties  such  as  Kanred,  Little 
Club,  and  Preston  wheats,  and  Khapli  emmer,  representing  not  only 
the  extremes  of  susceptibility  and  resistance  to  rust  but  also  extremes  of 
morphological  characteristics.  Another  striking  fact  is  that  there  is 
little  variation  in  the  reaction  of  the  juice  of  the  plant  at  different  stages 
of  growth.  The  averages  show  a  slightly  increased  acidity  of  the  green- 
house seedlings  2  to  4  weeks  old  over  that  of  the  same  plants  1  week  old,  and 
but  a  small  further  increase  as  the  plant  matures.  Environmental  factors 
produce  changes  in  reaction  far  greater  than  any  due  to  age  or  variety. 

Table  II  gives  the  detailed  results  by  varieties,  the  grouping  showing 
how  they  were  paired  for  close  comparison.  Extra  care  was  taken  to 
grow  the  plants  constituting  each  group  at  the  same  time  and  under 
identical  conditions.  The  necessity  for  such  precaution  is  illustrated 
by  the  data  on  germinator  seedlings,  which  show  appreciable  differences 
between  certain  groups.  These  are  not  in  any  case  to  be  taken  as 
indications  of  varietal  differences,  but  as  indications  of  the  effects  of 
small  differences  in  the  conditions  under  which  the  groups  were  grown. 

Table  II. — Hydrogen-ion  concentration,  in  Pg  units,  of  the  expressed  juice  of  some 
wheat  varieties  resistant  and  susceptible  to  stemrust 


Variety. 


Age  and  place  of  growth  of  seedlings. 


Name. 


Kanred. 
Turkey. 


Kanred. . 
Kharkov . 


Pentad  (D-5). 
Little  Club . . . 
Khapli 


Kota. .. 
Preston. 


Mindum. . 
Arnautka. 


Iumillo 

Average . 


C.i. 

No. 


5146 
1558 

S146 
1442 

3322 
4066 

4013 

5878 
3081 

5296 
4064 

1736 


Resist- 
ant or 

suscep- 
tible.o 


7  to  10 
days  in 
germi- 
nators. 


R 

S 

R 

S 

R 

S 
R 

R 

S 

R 

S 

R 


6.  01 
6.  01 

5-95 
5-93 

5-99 
5-92 
5-96 

6.  05 
6.08 

5-98 
5-98 


5-99 


1  to  7 
weeks 

in 
green- 
house. 


S-87 
5-84 

5-84 
5-84 

5-87 
5-87 
5.8i 

5-83 
5-79 

5.88 
5-87 

5-93 


4  weeks 

in 
green- 
house, 

un- 

limed 

soil 


5-87 


5-  81 

5-77 
5.81 

5-77 
5-72 


5-85 


5-93 


5- 81 


4  weeks 

in 
green- 
house, 
limed 
soil. 


6.16 


6.08 
6.18 
6.16 

6.  17 
6.  12 

6.  07 
6.  11 

6.13 


6.  13 


months 
in 
green- 
house, 
limed 
soil. 


5.88 


5-74 

5-83 
5-76 

5- 81 
5-75 

5-72 


5-78 


6  to  8 
weeks 

in  field , 
poor 

growth. 


5.61 


5-48 

5-59 
5-53 

5-52 
5-55 

5-54 


5-55 


«  R— resistant;  S=  susceptible.    See  column  3  of  Table  III. 


The  remarkable  agreement  between  the  values  obtained  for  varieties 
representing  widely  varying  morphological  types  is  strikingly  brought 
out  in  Table  II.  Consideration  of  the  figures  for  any  group  in  any  column, 
and  of  the  results  as  a  whole,  leads  to  the  conclusion  that  varietal  resist- 
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ance  to  stem  rust  is  not  determined  by  the  hydrogen-ion  concentration 
of  the  cell  sap. 

Included  in  the  list  of  wheats  of  which  the  hydrogen-ion  concentration 
of  the  juices  is  given  in  Table  II  are  varieties  resistant  and  susceptible 
to  diseases  other  than  stem  rust.  From  data  kindly  furnished  by  Dr. 
E.  B.  Mains  on  leaf  rust,  Mr.  C.  W.  Hungerford  on  stripe  rust,  Dr.  E.  C. 
Stakman  on  stem  rust,  Dr.  E.  F.  Gaines  on  stinking  smut,  Dr.  W.  H. 
Tisdale  and  Miss  M.  A.  Griffiths  on  flag  smut,  Dr.  J.  G.  Dickson  (winter 
wheats)  and  Mr.  J.  J.  Christensen  (summer  wheats)  on  scab,  and  Mr. 
R.  W.  Leukel  on  nematodes,  together  with  the  results  of  personal  ob- 
servations on  mildew,  Table  III  was  compiled. 

Table  III. — Resistance  and  susceptibility  of  wheat  varieties  to  various  diseases'1 


Variety. 

C.I. 

No. 

Stem 
rust 
{Pucci- 
nia  gra- 
nt inis 
Iritici). 

Leaf  rust 
(Puccinia 
triticina). 

Stripe  rust 

(Puccinia 

glumarum 

tritici). 

Stink- 
ing 
smut 
(Tille- 

tia 
tritici). 

Flag 
smut 
{Uro- 
cystis 
iritici). 

Scab 

(Gibber- 

ella 

sanbi- 

netii). 

Mildew 
(Ery- 
siphe 
gram- 
inis). 

Nema- 
tode 

(Tylen- 
chus 

tritici). 

Field 
and 
green- 
house. 

Field. 

Green- 
house. 

Field. 

Green- 
house. 

Field. 

Field 
and 
green- 
house. 

Field 
and 
green- 
house. 

Field 
and 
green- 
house. 

Field. 

Turkey 

Kharkov 

Pentad  (D-s). 
Little  Club... 

Khapli 

Kota 

5 146 
IS58 
1442 

3322 
4066 

4013 
S878 
3081 
5296 
4064 
1736 

R* 

S* 

S* 

R* 

S+ 

R 

R* 

S* 

R-* 

S* 

R* 

R 
S 

R- 
R 

S+ 

R 

S+ 

S 

R 

R 

R 

S 

S+ 
R* 
S+ 
S 

s* 
s* 
s* 

S 

R- 

R 

R 

S 

R- 

R- 

S 
S 

s 

S 

s+ 

R- 

S+ 
R 

R 

S+ 
S 

R- 
R- 
R 

S 

S+ 

R- 

S+ 

R- 

R- 

R- 

R 
R 

S+ 

S 
S 

S 

R 

R 

S 

S 
S 

S 

S+ 
R 
S 

s 

R- 
R- 

S 

R 

S 

S 

s 

Preston 

Arnautka,   . 
Iumillo 

s 
s 

o  R=»  resistant;  R—  =  only  moderately  resistant;  S=  susceptible;  S+  —  extremely  susceptible;  *=  not 
susceptible  nor  resistant  to  all  biologic  forms. 

The  variable  behavior  of  these  varieties  with  respect  to  infec- 
tion by  the  different  organisms  is  interesting,  especially  since  Vavilov 
(31)  has  come  to  the  conclusion  that  if  a  variety  is  susceptible  or 
resistant  to  one  it  is  very  likely  to  be  correspondingly  susceptible  or 
resistant  to  all.  The  uniformly  high  susceptibility  of  Little  Club  and 
resistance  of  Khapli  are  the  only  examples  in  the  preceding  table  of 
consistent  behavior  in  this  regard. 

From  the  data  given  in  Table  II  and  Table  III,  we  can  conclude 
that  there  is  no  correlation  between  the  hydrogen-ion  concentration  of 
the  expressed  juice  and  varietal  resistance  or  susceptibility  to  any  of 
these  diseases.  The  possibility  that  the  total  acidity  of  the  cell  sap  may 
play  an  important  role  in  the  progress  of  the  chemical  reactions  between 
the  host  protoplasm  and  the  destructive  secretions  of  the  invading 
fungus  remains  and  is  now  being  investigated ;  but  that  the  concentra- 
tion of  free  hydrogen  ions  is  a  determing  factor  is  precluded  by  the  data 
here  reported. 


EFFECTS    OF    ENVIRONMENTAL    FACTORS   AND   EXPERIMENTAL    PROCEDURE 
ON   THE   HYDROGEN-ION   CONCENTRATION   OF   WHEAT  JUICE 

In  the  following  pages  are  described  a  number  of  experiments  designed 
to  determine  the  magnitude  of  errors  that  are  likely  to  be  introduced 
into  measurements  of  the  hydrogen-ion  concentration  of  plant  juices, 
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either  as  a  result  of  a  summation  of  accidental  errors  or  as  a  result  of 
systematic  errors  in  operation. 

Table  IV  shows  the  results  obtained  from  nine  different  plantings  of 
seed  of  four  varieties,  each  figure  being  an  average  of  three  determina- 
tions. They  were  grown  at  different  times  and  so  represent  effects  of 
the  small  variations  in  temperature,  moisture,  or  other  environmental 
conditions  in  the  incubators,  which  often  were  sufficient  to  cause  a  notice- 
able difference  in  the  rate  of  growth  of  the  seedlings.  Of  course,  the 
handling  of  the  samples  from  the  time  the  plants  were  cut  until  the 
reaction  of  the  juice  was  determined  was  made  as  uniform  as  possible. 

Table  IV. — Range  in  the  PH  values,  under  the  conditions  of  the  experiments,  of  some 
wheat  varieties  resistant,  and  some  susceptible,  to  stem  rust 


Experiment  No. 

Kan  red 
(resistant). 

Turkey 
(susceptible). 

Khapli 
(resistant). 

Little  Club 

(susceptible). 

6.  06 

6.  02 
6.  02 
6.  06 

5-94 
6.  oo 

5-99 
5-94 
6.  oo 

6.  06 

6.  oo 
6.  oo 

5-96 
6.  oo 

5-95 
6.07 

6.  04 

5-97 

5-92 

5-99 
6.  00 

5-94 
5-96 
6.03 
6.  00 

5-97 
5-94 

5-92 
5.86 

5-9i 
5-92 
5-93 
5-98 
5-92 
5-9° 
5-92 

e 

6 

7 

8 

Average 

6.  oo±o.  oio 

6.  01  ±0.  010 

5.  97  ±0.008 

5.  92  ±0.007 

There  is  a  difference  of  a  little  more  than  o.  1  PH  between  the  extremes 
for  each  variety.7  These  are  typical  of  the  variations  in  the  values 
obtained  for  any  variety  whether  grown  in  the  germinators  or  in  the  green- 
house. 

In  order  to  determine  whether  minor  differences  in  procedure  during 
the  handling  of  the  sample  played  any  part  in  producing  the  range  of 
values  reported  in  Table  IV,  or  whether  it  was  due  solely  to  the  slight 
changes  in  environmental  conditions,  four  trays  of  Kharkov  seedlings 
were  grown  in  the  same  germinator  at  the  same  time,  one  above  the  other. 
On  the  seventh  day  these  were  expressed  successively  with  the  following 
results : 


Sample  No. 

Ph 

I 

5.922 
5.921 
5.916 

5-921 

2 

■2 

A 

The  close  agreement  between  these  values  would  seem  to  indicate  that 
such  differences  as  are  recorded  in  Table  IV  are  to  be  attributed  to  varia- 


7  These  four  varieties  are  especially  interesting  from  the  standpoint  of  their  resistance  to  stem-rust.  So 
far  as  we  know  now,  Khapli  is  very  resistant  to  all  biologic  forms  of  this  rust  and  Little  Club  is  very  suscep- 
tible to  them  all;  Kanred  is  immune  from  certain  forms  to  which  Turkey  is  very  susceptible.  According  to 
Table  IV,  Little  Club  has  a  slightly  greater  hydrogen-ion  concentration  than  the  other  varieties,  the  small 
probable  errors  of  the  averages  making  the  difference  seem  significant.  Whether  this  difference  is  constant 
for  this  variety  when  grown  under  incubator  conditions  was  not  determined,  as  too  few  seed  lots  were 
available.  However  that  may  be,  it  is  clear  that  the  averages  show  no  correlation  of  acidity  with  rust 
resistance. 
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tions  in  the  environmental  factors  affecting  growth  rather  than  to  errors 
in  operation.  In  agreement  with  this  conclusion  is  the  statement  of 
Richards  (24)  that — 

Experimentally  considered  this  close  connection  of  acidity  with  weather  conditions 
gives  an  exceedingly  small  expectation  of  precisely  similar  results,  even  with  material 
from  the  same  plant.  .  .  .  Even  under  apparently  like  conditions  the  plants  are 
not  constant  in  acidity. 

Therefore,  for  varietal  comparisons,  no  importance  can  be  attached  to 
differences  of  0.1  PH  between  single  observations  when  the  plants  are  not 
grown  at  the  same  time  and  under  identical  conditions.  Since  so  few 
determinations  can  be  made  in  a  single  day,  the  necessity  for  averaging 
a  considerable  number  of  observations,  if  conclusions  are  to  be  drawn 
from  small  differences,  is  evident. 

It  was  found  that  the  hydrogen-ion  concentration  of  expressed  wheat 
juice  increases  on  standing,  which  is  in  agreement  with  results  reported 
by  Clevenger  (7)  and  Haas  (11)  for  alfalfa  and  red-clover  juice.  Some 
figures  showing  the  rate  at  which  this  gradual  increase  in  hydrogen  ions 
takes  place  in  expressed  wheat  juice,  kept  in  closed  weighing  bottles  at  a 
temperature  of  25 °  C,  may  be  of  interest.  Three  separate  determina- 
tions were  made  on  the  same  sample  at  intervals  during  the  day  as 
indicated  below. 

A.  From  plants  (Iumillo)  31  days  old,  grown  in  limed  soil  in  greenhouse: 

a.  m.  pH 

10.33 6-  I22 

10.45 6.  129 

11.00 6.  132 

p.  m. 

1 .50 6.  089 

2.05 6.  081 

2.15 6.  071 

4.10 6.  015 

4-25 5-  998 

4-35 5-996 

B.  From  plants  (Kanred)  8  days  old,  grown  in  germinating  chamber: 

a.  m.  pH 

9-5° 5-941 

IO-°5 5-944 

10-20 5.  939 

"•35 5-923 

"•45 5-9I3 

1200 5-9*3 

p.  m. 

2-00 5-859 

2.15 5-849 

4.00 5.  813 

4-io 5.  805 

These  data  show  that  among  other  precautions,  uniform  time  intervals 
between  the  expression  of  the  juice  and  the  determination  of  its  reaction 
must  be  observed  to  avoid  errors  due  to  oxidations  or  other  changes  in  the 
juice. 

Another  possible  source  of  error  to  be  investigated  was  that  of  dilution. 
The  surface  moisture  on  both  greenhouse  and  germinator  plants,  es- 
pecially the  latter,  varied  at  different  times,  and  elimination  of  the 
resulting  slight  differences  in  concentration  seemed  impossible.  Hempel 
(15)  states  that  a  tenfold  dilution  of  the  sap  of  succulent  plants  produces 
no  essential  change  in  the  acidity.     Boas  (3)  found  that  the  hydrogen- 
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ion  concentration  of  potato  juice  showed  no  appreciable  change  upon  the 
addition  of  a  considerable  volume  of  water.  Harvey  (jj)  reports  that 
the  addition  of  one  volume  of  water  changed  the  reaction  of  the  juice  of 
the  tobacco  plant  by  only  0.096  PH.  In  the  present  study  it  was  found 
that,  in  germinator  wheat  seedlings  a  week  old,  the  addition  of  an  equal 
volume  of  water  increased  the  PH  value  by  0.06,  while  the  addition  of  two 
volumes  raised  it  by  0.10.  Greenhouse  seedlings  2  to  7  weeks  old 
were  less  highly  buffered  against  dilution,  since  with  them  the  addition 
of  one  volume  of  water  produced  an  increase  of  0.09  PH  and  two  volumes, 
0.15  PH.  No  varietal  differences  in  this  respect  were  found,  the  de- 
terminations being  made  with  the  same  result  with  sap  from  Kanred, 
Turkey,  Khapli,  and  Little  Club.  Each  figure  given  is  an  average  of 
results  obtained  from  six  or  more  different  samples.  From  these  deter- 
minations we  conclude  that  the  small  differences  in  concentration  of  the 
juice  caused  by  excess  moisture  on  the  leaves,  by  methods  of  expressing, 
or  by  evaporation  during  handling  do  not  produce  appreciable  errors  in 
the  hydrogen-ion  measurements. 

In  addition  to  the  errors  of  manipulation  affecting  accuracy  of  measure- 
ments, those  factors  which  influence  the  reaction  of  the  cell  sap  in  the 
growing  plant  must  be  considered  before  the  validity  of  varietal  compari- 
sons can  be  fully  established.  It  was  thought  possible  that  the  geograph- 
ical source  of  the  seed  may  determine  the  plant's  reactions  to  new 
environmental  conditions  in  a  sufficient  degree  to  affect  its  acidity. 
Whenever  possible,  resistant  varieties  and  susceptible  varieties  were 
obtained  from  the  same  experimental  farm,  but  it  was  seldom  possible  to 
obtain  Khapli  and  Little  Club,  the  pair  representing  the  most  interesting 
extremes  of  resistance  and  susceptibility,  from  the  same  place.  It  seemed 
desirable,  therefore,  to  determine  the  extent  of  agreement  between  the 
concentration  of  hydrogen-ions  in  seedlings  from  seed  grown  in  different 
places.  Below  are  given  the  PH  values  of  germinator  seedlings,  a  week 
old,  of  Khapli  emmer  from  seed  obtained  from  widely  separated  regions. 


Seed  from 

Pullman, 

Wash.,  1931. 

Seed  from 

Dickinson, 

N.  Dak.,  1921. 

Seed  from 
Akron,  Colo., 

1931. 

5-92 

5-99 
6.  00 

6.03 
6.  00 
5-97 

5-94 
5-96 
5-94 

Three  lots  of  Kanred,  two  of  them  from  the  same  station,  gave'fthe 
following  results : 


Akron,  Colo., 

Manhattan, 

Manhattan, 

1921. 

Kans.,  1910. 

Kans.,  1921. 

5-99 

6.06 

6.  01 

5-93 

6.  02 

5-99 

5-94 

5-94 

5-98 

5-95 

6.  00 

5-98 

5-94 

5-99 

5-  97 
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Obviously,  geographical  differences  in  the  source  of  the  seed  have  not 
resulted  in  sufficient  differences  in  the  metabolic  processes  of  the  seed- 
lings to  affect  the  hydrogen-ion  concentration  of  the  cell  sap  in  a  signifi- 
cant degree.  It  is  interesting  in  this  connection  to  note  that  Kiessling 
(17),  speaking  of  the  resistance  of  barley  to  Helminthosporium,  states 
that  the  specific  behavior  of  varieties  was  independent  of  the  conditions 
under  which  the  seed  had  been  grown. 

As  was  to  be  anticipated  from  the  reported  results  of  previous  inves- 
tigations, it  was  found  that  plants  cut  in  the  morning  almost  invariably 
had  a  higher  hydrogen-ion  concentration  than  those  cut  from  the  same 
plot  in  the  afternoon.  As  the  result  of  many  researches  on  the  diurnal 
periodicity  of  the  acidity  of  plant  juices,  well  reviewed  and  confirmed  by 
Richards  (24)  and  by  Clevenger  (7) ,  it  is  a  well-established  fact  that  there 
is  a  diminution  of  acid  in  many  plants  during  the  day  and  a  gradual  in- 
crease during  the  night  until  a  maximum  is  reached  just  before  sunrise. 
Clevenger  (7)  found  that  the  hydrogen-ion  concentration  of  the  cell  sap  of 
cowpeas  was  most  acid  in  the  morning,  decreasing  toward  night,  and  in- 
creasing after  9.30  p.  m. ;  and  Truog  and  Meacham  (30)  reported  a  corres- 
ponding change  in  the  hydrogen-ion  concentration  of  alfalfa.  Hempel 
(75)  proved  that  plants  kept  in  the  dark  for  not  too  long  a  time  become 
more  acid.  In  explanation  may  be  mentioned  the  work  of  Purjewicz  (23), 
Spoehr  (26,  27,  28),  and  others  who  have  shown  that  sunlight  decom- 
poses malic  and  other  organic  acids  in  vitro.  The  following  figures 
taken  from  some  of  the  data  obtained  during  the  present  investigation, 
illustrate  the  magnitude  of  the  difference  in  reaction  between  greenhouse 
wheat  seedlings  cut  in  the  morning  and  those  cut  from  the  same  plots 
in  the  afternoon  of  the  same  day,  all  other  conditions  being  kept  as  nearly 
identical  as  possible. 

A .  Seedlings  2  weeks  old,  limed  soil 


Khapli 

Little  Club  .  . . 

Kanred 

Turkey 

Average 


Cut  9  a.  m. 


Ph 

(a)  5-  94 

(b)  5-  92 
(a)  6.  oo 

W  5-  97 

6.  04 

6.08 


5-99 


Cut  1  p.  m. 


Ph 

5-97 

6.  04 

(a)  6.  13 
(6)  6.  12 

(a)  6.  16 

(b)  6.  13 


6.  09 


B.  Seedlings  5  weeks  old,  unlimed  soil 


Cut  9  a.  m. 


Cut  1  p.  m. 


Khapli 

Little  Club . 
Turkey 

D-S 

Iumillo.  .  . 


Ph 


Ph 


5-79 
5-  73 
5-85 

5-79 
5.82 


5.8S 
5- 80 

5-99 
5-82 

5-99 


Average . 


5-79 


5-89 
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These  data  show  that  there  is  a  decrease  in  the  hydrogen-ion  concen- 
tration of  the  cell  sap  between  the  hours  of  9  a.  m.  and  1  p.  m.  This 
changed  balance  in  the  reactions  involved  in  acid  synthesis  and  decom- 
position is  not  surprising  in  view  of  the  fact  that  they  have  been  shown 
to  be  so  dependent  on  light,  temperature,  and  moisture  conditions  (24). 

The  effect  of  soil  reaction  on  the  hydrogen-ion  concentration  of  the 
cell  sap  of  plants  is  not  always  the  same,  judging  from  the  observations 
reported  in  the  literature.  Contrary  to  what  one  would  expect,  Cleven- 
ger  (7)  found  that  the  leaves  of  oats,  soy  beans,  and  cowpeas  were  more  acid 
when  there  was  lime  in  the  soil,  although  the  reverse  was  true  in  buck- 
wheat. On  the  other  hand,  Kappen  and  Zapfe  (16)  state  that  liming 
the  soil  had  no  effect  on  the  hydrogen-ion  concentration  of  the  lupine 
or  bush  bean,  measured  at  the  time  of  blooming;  and,  likewise,  Promsy 
(22)  says  that  the  absorption  of  acids  by  seedlings  did  not  change  the 
acidity  of  the  sap.  Truog  and  Meacham  (jo)  found,  however,  that  in 
12  out  of  16  cases,  including  several  different  crop  plants,  lime  lowered 
the  reaction  of  the  cell  sap.  Most  of  the  evidence  Haas  (11),  obtained 
with  many  different  agricultural  plants,  indicates  that  plants  grown  in 
unlimed  soil  have  a  higher  hydrogen-ion  concentration  than  those  from 
limed  soil,  among  these  being  wheat,  although  he  found  a  number  of 
plants  in  which  the  reverse  was  true. 

All  the  data  bearing  on  this  question  of  the  effect  of  soil  reaction  on 
cell-sap  reaction  obtained  in  the  present  investigation,  summed  up  in 
the  foregoing  figures  and  in  Tables  I  and  II,  have  been  consistent  in 
showing  a  lower  hydrogen-ion  concentration  and  lower  total  acid  content  of 
the  juice  of  wheat  from  limed  soil  as  compared  to  that  from  unlimed  soil. 
However,  the  acidity  of  the  limed  seedlings  seems  to  have  increased  to 
that  of  the  unlimed  seedlings  by  the  time  the  plants  were  three  months 
old  (Table  II).  The  data  in  these  tables  show  the  degree  of  difference 
in  the  PH  values  and  indicate  the  necessity  of  eliminating  the  soil  vari- 
able in  any  search  for  heritable  varietal  differences  in  cell-sap  acidity. 

Whether  the  greater  alkalinity  of  plants  in  limed  soils  is  directly  due 
to  the  absorption  of  neutralizing  ions  from  the  soil,  or  whether  it  is  the 
result  of  some  general  effect  on  the  health  and  vigor  of  the  plants,  is  an 
open  question.  In  at  least  one  case  it  was  noticed  that  the  limed  plants 
were  taller  and  more  vigorous  than  the  unlimed  ones  with  lower  PH. 
Clevenger  (7)  suggested  that  the  greater  acidity  of  the  leaves  of  his 
limed  plants  might  be  explained  by  assuming  that  the  plants  were 
healthier  and  metabolism  more  rapid,  but  observations  on  wheat  made 
during  the  present  investigation  would  indicate  that  the  less  vigorous 
plants  are  the  more  acid.  Lack  of  vigor  due  to  unfavorable  conditions 
for  growth  has  been  invariably  associated  with  high  hydrogen-ion  concen- 
tration and  high  total  acidity.  The  most  notable  examples  were  wintei 
wheats  grown  in  the  greenhouse  when  the  temperature  was  too  high  and 
which  had  the  very  low  PH  value  of  5.5.  Some  14- weeks  old  Kanred 
and  Turkey  wheats,  stunted  and  drooping,  were  5.48  and  5.50,  respec- 
tively, while  Mindum  and  Arnautka  growing  alongside,  heading,  and  in 
erect,  vigorous  growth,  were  5.98  and  6.02.  When,  in  other  series, 
these  four  varieties  were  equally  healthy  in  appearance,  no  such  differ- 
ences were  found.  It  was  also  found  that  plantings  of  any  variety  on  a 
certain  shaded  bench  in  the  greenhouse  resulted  in  slow-growing  plants 
with  lower  P„  values  than  those  from  the  other  benches.  It  is  very 
interesting  to  note  that  Truog  and  Meacham  (30)  raise  the  question  as 
to  whether  the  more  acid  reaction  of  lupine  in  limed  soil  might  not  be 
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due  to  the  fact  that  liming  sometimes  injures  this  species.  Also,  some 
irregular  results  obtained  by  Haas  (11)  with  plants  grown  in  Plainsfield 
sand,  in  which  the  growth  of  some  plants  was  found  to  be  unfavorably 
affected  by  lime,  might  well  be  due  to  the  fact  that  poor  growth  is  associ- 
ated with  acid  accumulation. 

In  the  last  column  of  Table  II  are  given  the  PH  values  of  a  number  of 
varieties  grown  in  the  virgin  soil  of  a  cleared  plot  in  a  woodland  (Cabin 
John,  Md.).  The  weather  during  their  growth  was  very  unfavorable, 
being  warm  and  humid,  and  the  plants  when  6  weeks  old  were  far  from 
vigorous.  The  winter  varieties,  Kanred,  Turkey,  and  Kharkov,  grew  so 
poorly  and  were  so  badly  infected  by  Erysiphe  that  no  determinations 
were  made  on  them.  The  high  acidity  of  these  samples  was  very  interest- 
ing because  the  PH  values  agreed  closely  with  the  results  obtained  from 
unhealthy  greenhouse  plants.  It  is  interesting  to  note  that  Spriester- 
bach  (unpublished  report)  found  that  frost  caused  a  definite  increase  in 
the  hydrogen-ion  concentration  of  wheat  plants. 

Fungous  infection,  often  present  in  these  cases,  was  mostly  mildew  and 
leaf  rust,  but  the  acidity  measurements  bore  no  relation,  as  a  rule,  to  the 
presence  or  the  degree  of  infection,  so  that  the  acid  accumulation  was 
attributed  usually  to  physiological  derangements  of  some  of  the  meta- 
bolic processes.  Wagner  (32),  however,  claims  that  the  diminution  of 
hydrogen-ion  concentration  immediately  following  the  injection  of 
phytopathogenic  bacteria  is  followed  by  a  steadily  increasing  acidity 
until  the  end  of  the  incubation  period,  falling  back  to  normal  if  the 
plant  successfully  resists  infection.  Maze  (19)  says  that  fungi  are  active 
destroyers  of  organic  acid,  and  Boas  (3)  says  that  the  acidity  of  potatoes 
affected  by  the  leaf-roll  disease  is  less  than  that  of  healthy  plants.  How- 
ever, Harvey  (13)  found  that  the  hydrogen-ion  concentration  of  tobacco 
plants  affected  with  the  mosaic  disease  was  somewhat  greater  than  that 
of  the  healthy  plants,  and  Weiss  and  Harvey  (33)  state  that  the  potato- 
wart  organism  caused  an  increased  acidity  (PH  6.00)  of  the  diseased 
tissue  as  compared  to  the  healthy  tissue  (PH  6.49). 

In  some  of  the  writer's  sowings  it  was  found  that  wheat  plants  badly 
infected  with  Erysiphe  graminis  were  abnormally  acid,  and  it  seemed  pos- 
sible that  pathological  trouble  was  causal.  This  was  quite  clearly  indi- 
cated by  Little  Club,  which  was  most  susceptible  to  Erysiphe,  yet  which 
grew  vigorously  at  greenhouse  temperatures  when  free  from  disease.  In 
one  series,  in  which  Kota,  Preston,  Pentad  (D-5),  Mindum,  Arnautka, 
and  Khapli,  apparently  clean,  had  Pn  values  averaging  5.80,  Little  Club, 
Kanred,  and  Turkey,  badly  infected,  had  PH  values  of  5.63,  5.64,  and 
5.67,  respectively.  In  such  cases,  however,  it  is  impossible  to  say  that 
the  acid  accumulation  was  directly  due  to  the  activities  of  the  fungus,  as 
it  may  well  have  been  the  result  of  decreased  vigor  attendant  upon 
infection. 

CONCLUSIONS 

(1)  It  appears  from  the  data  presented  in  this  paper  that  there  is  no 
correlation  between  the  hydrogen-ion  concentration  of  the  expressed 
juice  and  the  resistance  or  susceptibility  of  wheat  varieties  to  disease. 

(2)  Environmental  factors  produce  much  greater  differences  in  the 
hydrogen-ion  concentration  of  the  expressed  juice  than  were  ever  found 
between  varieties  or  between  plants  of  different  ages  grown  under  iden- 
tical conditions. 
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(3)  The  PH  value  of  the  juice  of  wheat  plants  grown  in  the  greenhouse 
averages  0.1  higher  when  the  plants  are  cut  at  1  p.  m.  than  when  they 
are  cut  in  the  morning  about  9  o'clock. 

(4)  The  hydrogen-ion  concentration  of  the  juice  of  wheat  plants 
grown  in  limed  soil  is  lower  than  that  of  plants  grown  in  unlimed  soil. 

(5)  Lack  of  vigor  as  shown  by  unhealthy  appearance  of  wheat  plants 
is  always  accompanied  by  an  abnormally  high  acidity  of  the  expressed 
juice. 

(6)  Plants  badly  infected  with  Erysiphe  graminis  are  more  acid  than 
adjacent  plants  free  from  infection.  This  may  be  due  to  the  poor  physical 
condition  of  the  plants  and  not  to  any  direct  effect  of  the  presence  of  the 
fungus. 

(7)  The  geographic  source  of  the  seed  does  not  affect  the  hydrogen-ion 
concentration  of  the  juice  of  the  plants. 

(8)  The  concentration  of  hydrogen  ions  in  expressed  wheat  juice  in- 
creases on  standing. 

(9)  Dilution  of  the  expressed  juice  decreases  the  concentration  of 
hydrogen  ions,  the  addition  of  two  volumes  of  water  to  one  of  juice  in- 
creasing the  PH  value  by  0.10  to  0.15.  Young  germinator  seedlings  are 
more  highly  buffered  against  dilution  than  older  greenhouse  plants. 

LITERATURE  CITED 

1)  Andre,  G. 

1906.  SUR  LA  COMPOSITION   DES   SUCS   VEGETAUX   EXTRAITS     DES   RACINES.      In 

Compt.  Rend.  Acad.  Sci.  [Paris],  t.  143,  p.  972-974. 

2)  

1907.  SUR  LA  COMPOSITION   DES   SUCS   VEGETAUX   EXTRAITS   DES    TIGES   ET   DES 

FEUiLLES.     In  Compt.  Rend.  Acad.  Sci.  [Paris],  t.  144,  p.  276-278. 

3)  Boas,  Friedrich. 

1919.  BEITRAGE  ZUR  KENNTNIS   DES   KARTOFFELABBAUES.       In   Ztschr.      Pflail- 

zenkrank.,  Bd.  29,  p.  171-176.     Eiteraturverzeichnis,  p.  176. 

4)  Butler,  E.  J. 

1918.  immunity  and  disease  in  plants.     In  Agr.  Jour.  India,    1918,  Spec. 

Indian  Sci.  Cong.  No.,  p.  10-28. 

5)  Clark,  W.  Mansfield. 

1920.  the  determination  of  hydrogen  ions  .  .  .  317  p.,  38  figs.     Baltimore. 

Bibliography,  p.  239-302. 

6)  and  Lubs,  Herbert  A. 

1916.    HYDROGEN    ELECTRODE    POTENTIALS     OF    PHTHALATE,     PHOSPHATE,     AND 

borate  buffer  mixtures.     In  Jour.  Biol.  Chem.,  v.  25,  p.  479-510,  2 
fig.     References,  p.  510. 

7)  ClEvenger,  Clinton  B. 

1919.  HYDROGEN-ION  CONCENTRATION  OF  PLANT  JUICES.      II.     FACTORS   AFFECT  - 

ING  the  acidity  or  hydrogen-ion  concentration  OF  PLANT  JUICES  . 
In  Soil  Sci.,  v.  8,  p.  227-242,  1  fig.     References,  p.  241-242. 

8)  Dixon,  Henry  H. ,  and  Atkins,  W.  R.  G. 

1913.    OSMOTIC  PRESSURES   IN  PLANTS.      I.    METHODS  OF  EXTRACTING  SAP  FROM 

plant   organs.     In  Sci.  Proc.  Roy.  Dublin  Soc,  v.  13,  p.  422-433. 
Bibliography,  p.  432~433- 

9)  Gassner,  Gustav. 

1919.  UNTERSUCHUNGEN   UBER    DIE   SORTENEMPFANGLICHKEIT    VON    GETREIDE- 

pflanzen  gegen  rostpilzE.     In  Centbl.  Bakt.  [etc.],  Abt.  2,  Bd.  49, 
p.  185-243.     Verzeichnis  der  angef uhrten  Schriften,  p.  241-243. 

10)  Gortner,  Ross  Aiken. 

1918.    WORK    OF    THE    DIVISION    OF    AGRICULTURAL    BIOCHEMISTRY.      In    Minn. 

Agr.  Exp.  Sta.,  26th  Ann.  Rpt.,  1917/18,  p.  38-44. 

11)  Haas,  A.  R.  C. 

1920.  studies  on  the  reaction  op  plant  juices.     In  Soil  Sci.,  v.  9^.341-368, 

11  fig.,  1  pi.     References,  p. 367-368. 


Feb. 3. 1923  Hydrogen-Ion  Concentration  and  Varietal  Resistance       385 


12)  Harvey,  R.  B. 

1918.  HARDENING  PROCESS  IN  PLANTS  AND  DEVELOPMENTS  FROM  FROST  INJURY. 

In  Jour.  Agr.  Research,  v.  15,  p.  83-112,  3  fig.,  pi.  7-11,  pi.  A  (col.). 
Literature  cited,  p.   108-111. 

13)  

1920.    HYDROGEN   ION  CHANGES   IN  THE   MOSAIC     DISEASE     OK   TOBACCO    PLANTS 

and    their    relation  To  catalasE.     In  Jour.  Biol.   Chem.,  V.   42, 

p.  397-4OO. 

14)  Hawkins,  Lon  A.,  and  Harvey,  Rodney  B. 

1919.  PHYSIOLOGICAL  STUDY    OF    THE    PARASITISM    OF    PYTHIUM     DEBARYANUM 

HESSE  on  THE  potato  Tuber.     In  Jour.  Agr.  Research,  v.  18,  p.  275- 
298,  2  fig.,  pi.  35-37.     Literature  cited,  p.  295-297. 

15)  Hempel,  Jenny. 

1917.    BUFFER  PROCESSES   IN   THE   METABOLISM   OF   SUCCULENT  PLANTS.         In 

Compt.  Rend.  Lab.  Carlsberg,  v.  13,  p.  1-130,  15  fig. 

16)  Kappen,  H.,  and  Zapfe,  M. 

1919.    DIE   AZIDITAT   DER  PFLANZENSAFTE   UNTER   DEM    EINFLUSS    EINER    KALK- 

dungung.     In  Landw.  Vers.  Stat.,  Bd.  93,  p.  135-146. 

17)  KlESSLING,    Ludwig. 

1917.   UBER   DIE   SPEZIFISCHE   EMPFINDLICHKEIT   DER   GERSTE   GEGENUBER   DER 
streifenkrawkheit.     In  Ztschr.  Pflanzenziichtung,  Bd.  5,  p.  31-40. 

18)  Marie,  Ch.,  and  Gatin,  C.  L. 

1912.    DETERMINATIONS  CRYOSCOPIQUES  EFFECTUEES  SUR  DES  SUCS  VEGETAUX. 

In  Assoc.   Fran?.  Avancement  Sci.   Dijon,  40th  sess.,  t.   1,   1911,  p. 
492-494. 

19)  Maze,  Pierre. 

1914.  NOTE  SUR  LES  CHLOROSES  DES  vEgetaux.     In  Compt.  Rend.  Soc  Biol. 
[Paris],  t.  77,  p.  539-541-     Bibliographical  footnotes. 

20)  MichaELIS,  Leonor. 

1914.  die  wasserstoffionEnkonzentration  .  .  .  xiii,  2iop.,  41  fig.     Berlin. 

Literaturverzeichnis,  p.  196-207. 

21)  Molz,  Emile. 

1917.    UEBER  DIE  ZUCHTUNG  WIDERSTANDSFAHIGER  SORTEN  UNSERER  KULTUR- 

pflanzen.     In   Ztschr.    Pflanzenziichtung,    Bd.    5,    p.    121-244.     fig. 
17-22.     Bibliographical  footnotes. 

22)  Promsy,  Germaine. 

1912.  r6le  des  acides  dans  la  germination.     In  Bui.  Soc.  Nat.  Agr.  France, 

t.  72,  p.  916-922. 

23)  Purjewicz,  K. 

1894.    DIE    BILDUNG    UND    ZERSETZUNG    DER    ORGANISCHEN    SAUREN    BEI    DEN 

hoherEN  pflanzen.     (Review)     In  Bot.  Centbl.,  Bd.  58,  p.  368-374. 
Russian  original  (Kiew,  1893)  not  seen. 

24)  Richards,  Herbert  M. 

1915.  acidity  and  gas  interchange  in  cacti.     107  p.,  6  fig.  Washington, 

D.  C.     Carnegie  Inst.  Wash.  Pub.  209. 

25)  SOrensen,  S.  P.  L. 

1909.    ENZYMSTUDIEN.      II.      UEBER    DIE     MESSUNG    UND    DIE     BEDEUTUNG     DER 
WASSERSTOFFIONENKONZENTRATION    BEI    ENZYMATISCHEN    PROZESSEN. 

In  Biochem.  Ztschr.,  Bd.  21,  p.  131-304,  8  fig.,  1  pi.     Bibliographical 
footnotes. 

26)  Spoehr,  H.  A. 

1913.  PHOTOCHEMISCHE    VORGANGE    BEI    DER    DIURNALEN    ENTSAUERUNG    DER 

SUCCULENTEN.     In    Biochem.    Ztschr.,    Bd.    57,    p.    95-111.     Biblio- 
graphical footnotes. 

27)  

[1914]  the  photolysis  OF  plant  acids.     In  Carnegie  Inst.  Wash.  Year  Book 
no.  12,  1913,  p.  82-83. 


28) 


1912.  chemical  EFFECTS  OF  radiant  ENERGY  in  plant  processes.     In  Carnegie 
Inst.  Wash.  Yearbook  no.  11,  1912,  p.  63-65. 

29)  Stakman,  E.  C. 

1914.      A   STUDY   IN   CEREAL    RUSTS.      PHYSIOLOGICAL   RACES.      Minn.  Agr.  Exp. 

Sta.  Bui.  138,  56  p.,  9  pi.     Bibliography,  p.  50-54. 

30)  Truog,  Emil,  and  Meacham,  M.  R. 

1919.    SOIL    ACIDITY:   II.    ITS    RELATION    TO    THE    ACIDITY    OP    THE    PLANT    JUICS. 

In  Soil  Sci.,  v.  7,  p.  469-474.     References,  p.  474. 


386  Journal  of  Agricultural  Research         vol.  xxiii.  No.  5 

(31)  Vavilov,  N. 

1919.  IMMUNITY    OP    PLANTS    TO    INFECTIOUS    DISEASES.      239    p.,    illus.,     5    pi. 

Moscow.     In  Russian.     English  resume,  p.  221-239.     [Literature]  p. 
210-220. 

(32)  Wagner,  R.  J. 

1916.  wasserstoffionenkonzentration  und  naturliche  immunitat    der 
pflanzEN.     In  Centbl.  Bakt.  [etc.],  Abt.  2,  Bd.  44,  p.  708-719.    Eite- 
ratur,  p.  718-719. 
(^2>)  Weiss,  Freeman,  and  Harvey,  R.  B. 

192 1.   CATALASE,  HYDROGEN-ION  CONCENTRATION,  AND  GROWTH  IN  THE  POTATO 

wart  disease.     In  Jour.  Agr.  Research,  v.  21,  p.  589-592.     Biblio- 
graphical footnotes. 
(34)  Wherry,  Edgar  T. 

1920.  DETERMINING  SOIL  ACIDITY  AND  ALKALINITY  BY  INDICATORS  IN  THE  FIELD. 

In  Jour.  Wash.  Acad.  Sci.,  v.  10,  p.  217-223. 


COTTON-WII/T,  A  SEED-BORNE  DISEASE  » 

By  John  A.  Elliott  2 
Arkansas  Agricultural  Experiment  Station 

INTRODUCTION 

The  possibility  that  cotton-wilt  is  spread  by  means  of  infected  seed 
has  been  recognized  for  many  years,  but  in  the  previously  reported 
experiments  conducted  for  the  purpose  of  determining  whether  or  not 
the  disease  was  seed  borne  negative  results  were  secured.  Fulton  3  dis- 
cussed the  possibility  of  the  disease  being  carried  to  new  localities  on 
seed  but  reported  that — 

The  writer  has  made  numerous  attempts  to  secure  cultures  of  the  wilt  fungus  from 
seed  taken  from  badly  wilted  plants  but  without  success. 

Gilbert 4  later  attempted  to  introduce  the  wilt  into  uninfected  soil  by 
means  of  seed  obtained  from  wilted  plants.  Apparent  negative  results 
were  obtained  in  a  test  covering  four  successive  years  on  the  same  piece 
of  ground. 

While  working  with  some  of  the  other  cotton  diseases  in  Arkansas, 
the  writer  was  struck  by  the  not  infrequent  occurrence  of  isolated  wilted 
plants  in  otherwise  healthy  fields,  and  often  on  practically  virgin  land. 
It  was  often  suggested  by  the  farmers  that  the  disease  was  introduced 
in  the  seed.  The  possibility  of  the  disease  being  seed-borne  is  very 
evident  to  one  familiar  with  the  disease  and  the  methods  of  cotton 
planting.  As  with  most  wilt  diseases,  plants  die  throughout  the  season 
and  some  live  through  to  frost.  The  most  severely  attacked  plants,  or 
those  infected  earliest,  die  without  producing  mature  bolls.  Many 
wilted  plants,  however,  produce  mature  bolls  before  dying.  Usually  the 
plant  dies,  leaving  many  bolls  in  various  stages  of  maturity,  some  of 
which  open  or  partly  open  during  the  picking  season.  During  a  period 
of  wet  weather  the  wilt  fungus  grows  out  to  the  surface  of  the  dead 
terminal  twigs  of  the  diseased  plants  and  often  covers  the  surface  with  a 
coating  of  spores.  Under  such  conditions  it  is  hard  to  conceive  how 
any  of  the  "seed  cotton"  from  a  badly  wilt-infected  field  could  escape 
carrying  the  spores  of  the  fungus  on  the  lint. 

In  the  spring  of  1920  over  200  bushels  of  cotton  seed  were  delinted  by 
the  concentrated  sulphuric-acid  method  and  further  disinfected  by  soak- 
ing in  1  to  1,000  corrosive  sublimate  solution.  Most  of  this  seed  was 
planted  on  virgin  timber-land  slash  in  Mississippi  County,  Ark.,  at  a  con- 
siderable distance  from  other  cotton  land.  In  this  field  of  nearly  200 
acres  occasional  wilt-infected  plants  appeared  throughout  the  season. 
No  satisfactory  explanation  of  their  occurrence  other  than  that  the 

1  Accepted  for  publication  July  n,  1922. 

1  The  writer  acknowledges  the  assistance  of  Mr.  R.  F.  Crawford  in  carrying  on  the  isolation  and  inocu- 
lation experiments. 

*  Fulton,  H.  R.  cotton  wilt.    La.  Agr.  Exp.  Sta.  Bui.  96,  15  p.,  illus.    1907. 

*  Gilbert.  W.  W.  cotton  diseases  and  their  control.    U.  S.  Dept.  Agr.  Farmers'  Bui.  1187,  32  p., 
18  fig.    1911. 
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organism  was  carried  within  the  seed  seemed  possible.  In  192 1  in  a  small 
plot  of  cotton  grown  at  Fayetteville,  from  thoroughly  surface  disinfected 
seed,  two  wilt  plants  appeared.  The  plot  was  far  from  the  cotton  area 
and  had  never  before  been  planted  to  cotton.  One  of  the  two  diseased 
plants  died  early,  producing  no  boils;  the  other  lived  throughout  the 
season.  These  two  cases  strongly  suggested  the  possibility  that  the 
cotton-wilt  fungus  may  be  carried  on  the  inside  of  the  seed  coat,  and 
the  experiments  here  reported  were  directed  primarily  toward  discovering 
whether  or  not  such  was  the  case. 

METHODS  OF  PROCEDURE 

Seed  was  carefully  selected  from  wilt-infected  cotton  plants,  delinted 
with  concentrated  sulphuric  acid  as  a  preliminary  treatment,  then  further 
disinfected  before  planting.  The  seed  was  germinated  under  aseptic 
conditions,  and  as  far  as  possible  all  fungi  appearing  on  either  viable  or 
dead  seed  were  identified.  Fungi  which  from  their  morphology  and  their 
biochemical  reactions  were  judged  to  be  Fusarium  vasinfectum  Atk.  were 
saved  for  further  tests  expected  to  establish  their  identity.  No  fungus 
was  definitely  accepted  as  being  F.  vasinfectum  until  successful  inocula- 
tions of  cotton  plants  had  been  secured.  At  first  the  plants  which  had 
died,  apparently  of  wilt,  were  strongly  surface  sterilized,  and  the  fungus 
was  reisolated  from  all  parts  of  the  stem ;  but  in  the  later  tests  the  typical 
wilting,  accompanied  by  the  blackening  of  the  xylem,  was  considered 
final  proof  of  the  identity  of  organism  as  F.  vasinfectum. 

ISOLATION  OF  THE  FUNGUS 

Seed  from  badly  wilted  cotton  plants,  in  which  the  vascular  infection 
could  be  traced  into  the  bolls  from  which  the  seed  was  taken,  was  selected 
in  the  field  September  21  to  24,  192 1.  The  selections  were  made  with 
particular  care,  which  fact  probably  had  much  to  do  with  the  results 
subsequently  obtained.  After  the  longer  lint  had  been  hand  picked 
from  the  seed,  the  seed  was  delinted  with  concentrated  sulphuric  acid, 
washed  and  dried,  and  put  away  in  a  cloth  bag  until  used  for  plating. 
Each  lot  of  seed  was  again  subjected  to  about  five  minutes'  treatment 
with  concentrated  sulphuric  acid,  washed,  treated  for  two  minutes  in 
1  to  1,000  mercuric-chlorid  solution,  and  washed  in  sterile  water  before 
plating.  It  would  seem  impossible  for  any  organism  external  to  the 
seed  coat  to  survive  this  treatment,  and  all  organisms  isolated  from  seed 
so  treated  have  been  considered  as  coming  from  inside  the  seed  coat. 

Plating  was  begun  September  27,  three  days  after  the  seed  was  gath- 
ered. Four  series  of  platings  were  made  within  a  month  of  the  time  the 
seed  was  gathered,  and  the  wilt  fungus  was  isolated  31  times  from  524 
seeds,  or  from  practically  6  per  cent  of  the  seeds  plated.  Within  three 
months  from  the  time  the  seed  was  gathered,  the  fungus  had  been  iso- 
lated from  39  of  769  seeds  plated.  The  first  plating  was  made  on  corn- 
meal  agar,  but  in  all  following  series  the  plating  was  done  on  white  blot- 
ting paper  in  Petri  dishes  sterilized  in  an  autoclave.  All  fungi  appearing 
on  the  seeds  were  saved  for  identification,  at  first  by  transferring  them  to 
corn  or  potato  agar  stants,  later  by  transferring  the  suspected  fungi  to 
rice  tubes  for  the  color  reaction  of  tie  fungi,  which  in  the  case  of  the  wilt 
organism  is  rose  pink,  or  a  little  darker.     Germinated  seeds  which  showed 
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no  indication  of  disease  were  transferred  to  test  tubes  of  corn  meal  or 
potato  agar,  originally  with  the  intention  of  using  them  for  inoculation 
tests,  but,  as  several  of  these  seedlings  developed  signs  of  wilt,  they  were 
saved  in  later  series  for  the  purpose  of  observing  possible  development 
of  signs  of  wilt  infection.  Nearly  half  of  the  total  isolations  of  the  wilt 
fungus  were  secured  by  this  method  (PI.  2,  A). 

After  the  definite  identification  of  some  of  the  fungi  isolated  from  the 
cotton  seed  as  Fusarium  vasinfectum,  the  remainder  of  the  seed  was 
saved  for  plating  at  intervals  of  about  one  month,  for  the  purpose  of 
determining  the  length  of  time  the  fungus  may  remain  viable  within  the 
seed. 

The  isolation  series  is  given  in  Table  I. 

Table  I. — Isolations  of  Fusarium  vasinfectum  from  cotton  seed. 


Date  isolated. 

Series. 

Number 
of  seeds. 

Number 
of  isola- 
tions of 
F.  vasin- 
fectum. 

Viable 

infected 

seed.1 

Viable 
seed  not 
infected.1 

Dead 

infected 
seed.1 

Dead 
seed  not 
infected.1 

Sept.  27,  1921 

Sept.  28,  1921 

A 
X 

B 
C 
D 
H 
K 

J 

Y 
T 
F  2 

105 
119 

15° 

i5° 
i=>o 

-. 

4 

5 
6 

•+11 

2 
4 

.4-11 

68 

77 
no 
109 

50 

35 
80 

82 

3 

46 

Oct   16,  1921 

I 
I 

3 
1 

3 

1 

1 

35 

Oct.  25,  1921 

=; 

4 
0 
0 
1 
0 
0 
11 

45 

Dec.  12,  1921 

0 

95  ;    3 
100  1     1 
200  1     4 
200        1 
200  1     1 

42 

Jan.  17,  1922 

54 

Feb    16,  1922 

116 

Mar    14,  1922 

Apr    17,  1922 

117 

Sept.   27  to  Oct.   16, 
1922. 

11 

Total 

1,  460  1  a6 

22 

413 

14 

458 

1  The  isolation  of  the  wilt  fungus  only  is  considered  here  in  the  terms  "  infected  "  and  "  not  infected. " 

2  The  F  series  was  isolated  from  what  at  first  were  apparently  healthy  seedlings  from  the  series  A,  X,  B , 
and  C,  after  these  had  grown  for  some  time  on  agar  in  test  tubes. 

An  examination  of  Table  I  will  show  that  the  percentage  of  isolations 
of  Fusarium  vasinfectum  fell  off  rapidly  after  the  third  month.  The  fun- 
gus was  recovered  39  times  from  769  seeds  plated  within  three  months 
of  the  date  of  collecting,  and  only  7  times  from  700  seeds  plated  from  the 
fourth  to  the  seventh  month,  the  percentage  of  isolations  falling  from 
approximately  6  per  cent  in  the  first  month  to  ]/2  per  cent  in  the  sixth 
and  seventh  months.  The  plating  of  April  17  exhausted  the  supply  of 
selected  seed.  For  the  first  six  series  of  isolations,  plump,  viable-appear- 
ing seed  was  selected,  which  left  a  large  percentage  of  light,  immature 
seeds  in  the  later  series  and  may  have  affected  the  results  to  some  extent, 
although  there  is  no  apparent  reason  why  it  should,  unless  the  presence 
of  the  wilt  fungus  in  the  immature  seed  may  have  been  more  often 
masked  by  the  presence  of  other  fungi. 
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INOCULATION  EXPERIMENTS 

As  has  been  stated  above,  positive  inoculation  results  were  made  the 
final  proof  of  the  identity  of  the  isolated  organisms  as  Fusarium  vasin- 
fectum  Atk.  Fusaria  which  from  their  morphology  were  judged  to  be 
the  wilt  organism  were  used  to  inoculate  pots  of  soil  sterilized  in  an 
autoclave.  Corn  meal  or  cottonseed  meal  cultures  were  used  in  the 
earlier  tests.  Also,  uninoculated  meal  was  put  in  the  control  pots,  but 
the  meal  made  so  favorable  a  medium  for  fungous  and  bacterial  growth 
that  plants  in  both  the  control  and  inoculated  pots  were  killed  by  almost 
any  organism  which  chanced  to  infect  the  meal.  The  use  of  even  small 
quantities  of  corn  or  cottonseed  meal  gave  these  results.  The  toxicity 
to  cotton  seedlings  of  the  banana-wilt  fungus  as  reported  by  Brandes  5 
can  probably  be  explained  as  a  similar  case  of  "damping-off."  This  dif- 
ficulty was  avoided  by  the  use  of  sterilized  cotton  stem  fragments  carry- 
ing the  inoculum,  the  infected  material  being  placed  under  the  surface 
layer  of  soil  at  the  time  the  seed  was  planted.  Apparently  healthy 
acid-delinted  seed  was  used  for  all  plantings. 

The  seedlings  growing  in  soil  infected  with  the  wilt  organism  in  some 
instances  began  to  show  the  effects  of  inoculation  in  eight  days  after 
planting,  while  occasional  plants  lived  for  several  weeks  or  months  after 
the  other  plants  growing  in  the  same  pots  had  died  of  wilt.  There  was 
apparently  much  variation  in  the  virulence  of  different  cultures  isolated, 
judging  from  the  behavior  of  the  plants  in  different  pots  in  the  same 
series  of  inoculations.  If  the  seedlings  did  not  wilt  soon  after  germina- 
tion, they  usually  survived  for  a  considerable  time  before  showing  signs 
of  infection.  No  culture  which  had  not  been  judged  from  its  morphology 
to  be  of  the  wilt  organism  ever  caused  an  infection  resembling  wilt,  al- 
though all  Fusaria  obtained  among  the  earlier  isolations  were  tested  for 
possible  pathogenicity.  The  color  reaction  of  the  wilt  fungus  on  rice 
also  came  to  be  considered  an  almost  positive  indication  of  its  identity, 
and,  in  later  series,  no  cultures  were  used  in  infection  experiments  which 
did  not  give  the  characteristic  color  reaction.  While  at  first  the  organism 
was  reisolated  from  all  parts  of  the  wilted  plants,  in  later  inoculations  the 
wilting  of  the  plants,  coupled  with  the  typical  blackening  of  the  xylem, 
was  considered  sufficient  proof  of  the  identity  of  the  organism  as  Fusarium 
■vasinfectum  (PI.  i,  A).  In  the  earlier  series  both  uninoculated  pots  and 
pots  inoculated  with  known  wilt  cultures  were  run  as  controls,  but  in 
the  later  series  the  known  wilt  controls  were  omitted.  Table  II  summarizes 
the  inoculation  experiments. 

An  examination  of  Table  II  will  reveal  a  great  variation  in  the  length 
of  time  elapsing  between  the  planting  of  the  seeds  in  the  inoculated  soil 
and  the  isolation  of  the  fungus  from  infected  plants.  This  may  have 
been  due  to  various  causes.  In  some  cases  the  plants  died  without 
showing  positive  indications  of  wilt  but  merely  rotted  off  at  the  soil  line. 
During  the  winter  months  the  growing  conditions  were  very  unsatis- 
factory, because  of  poor  greenhouse  facilities.  Apparently  there  was  a 
great  variation  both  in  the  virulence  of  the  cultures  and  in  the  resistance 
of  plants.  Practically  every  culture  has  been  tried  out  two  or  three 
times,  and  some  have  been  consistently  highly  destructive  while  others 
have  been  less  so.     In  some  cases  a  plant  or  two  survived  a  long  time 


6  Brandes,  E.  W.    banana  wilt.     In  Phytopathology,  v.  9.  P-  339-389  .  5  fig-.  P1-  2I_34  (partly  col.) 
1919.     Literature  cited,  p.  388-389. 
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after  the  others  had  died,  as  in  the  case  of  the  culture  D  9.  The  pot 
was  inoculated  on  November  28,  the  first  reisolation  of  the  wilt  fungus 
from  a  wilted  plant  was  made  February  5,  and  the  last  plant  shed  all  its 
leaves  on  March  18.  This  plant  had  a  blackened  xylem  from  the  roots 
to  the  growing  point  of  the  plant  (PL  i,  B).  Some  of  the  other  cultures 
produced  rather  mild  cases  of  wilt  in  plants  which  grew  for  several 
months. 

Table  II. — Inoculation  experiments  with  Fusarium  vasinfectum  isolated  from  cotton 

seed. 


Date  planted. 


Nov.    28,1921 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

-Jar.     13,  1922 

Do 


Series  No. 


15 

B 
B 
B 

C 

c 
c 
c 
c 

D7 

£9 

F  1. 
Fa. 

F5- 
F6. 
F7. 
X  1 

X3 

x4 

X5 

H6 
H8 


1. . 
2. . 

4.  . 
9.. 
2 . . 

4.. 

5  ■ 

10. 

12. 


Wilt  reisolated. 


Feb .  2 I 

Dec.  15 

Dec.  23 

Feb.  23 

Apr.  18 

Jan.  23 

Feb.  5 

Dec.  15 

Dec.  17 

Feb.  13 

Mar.  23 

Feb.  5 

Feb.  13 

Dec.  17 

Dec.  15 

May  18 

Dec.  30 

Dec.  23 

Dec.  15 

do... 

Dec.  17 

June  3 

Apr.  27 


1922 
1921 
192 1 
1922 
1922 
1922 
1922 
192 1 
1921 
1922 
1922 
1922 
1922 
1921 
192 1 
1922 
1921 
1921 
1921 


1921 
1922 
1922 


Date  planted. 


Mar.     13, 1922 

....do 

Mar.    29,  1922 

....do 

....do 

Apr.    24, 1922 
May    22, 1922 

. .  . .do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

. . . .do 

....do 


Series  No. 


Hl3 
K  1. 
J  1.. 

J2.. 

J3-- 
Y  1. 
A  10 
B  6. 
B  n 

D4- 
D6. 

D15 
F3- 
F4-. 

F8.. 
F9.. 
F  10. 
Fn 
F  12 

F13 

X2. 

J4-. 
T  1.. 


Wilt  reisolated. 


Apr. 
Apr. 
June 
June 
June 
June 
June 
June 
May 


27,  1922 

22, 1922 

1, 1922 

3, 1922 

1, 1922 


3, 1922 

1,  1922 

3, 1922 

30,  1922 

(2) 
June    io,  1922 

(2) 
June    10,  1922 

Do. 

June    16,  1922 

(2) 
June      s,  1922 
June      7,1922 
June    12, 1922 

(2) 
May    31, 1922 
June      5,  1922 


1  Pot  destroyed. 

2  These  cultures  had  not  produced  wilt  up  to  Oct.,  1922. 

LONGEVITY  OF  THE  WILT  FUNGUS  BORNE  EXTERNALLY  ON  COTTON 

SEED 

The  isolation  of  the  wilt  fungus  from  surface-sterilized  seed  plated 
April  17  and  its  successful  inoculation  on  cotton  seedlings  proved  quite 
definitely  that  the  cotton-wilt  fungus  can  live  over  from  one  season 
to  the  next  within  the  cotton  seed.  Another  point  of  interest  was  the 
length  of  time  the  fungus  spores  would  remain  viable  on  the  outside  of 
the  seed.  In  an  effort  to  determine  this  point,  on  January  2  a  con- 
siderable quantity  of  undelinted  seed  was  quite  thoroughly  infected  by 
mixing  it  with  a  large  culture  of  the  known  wilt  organism  growing  on 
inoculated  cotton  stem  fragments.  After  thorough  mixing  to  secure  a 
good  distribution  of  the  spores  the  stem  fragments  were  picked  out. 
This  seed  was  first  air  dried,  then  put  away  in  a  covered  battery  jar. 
From  50  to  100  of  these  seeds  were  plated  out  each  month  up  to  May 
23.  At  every  plating  from  80  to  100  per  cent  of  the  seed  yielded 
viable  spores  of  the  wilt  organism.  The  identity  of  the  organism  iso- 
lated from  this  seed  was  determined  by  its  morphology  and  color  reaction 
and  in  no  case  by  inoculations.     The   later  platings   have  been  made 
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on  white  blotting  paper  which  before  sterilizing  was  dipped  in  a  rice- 
starch  solution  so  that  the  color  reaction  of  the  fungus  may  be  observed 
as  soon  as  the  growth  of  the  fungus  begins.  The  color  produced  on  the 
rice-starch  paper  is  much  darker  purple,  more  like  the  iodin  starch 
reaction,  than  that  produced  on  rice  alone,  but  it  is  quite  constant  and 
was  considered  dependable  in  this  test. 

On  May  3  infected  seed  was  planted  in  three  short  rows  in  soil  which 
had  never  before  been  in  cotton.  About  1 ,000  seeds  were  planted,  and  the 
germination  was  good.  On  May  27  a  dozen  or  more  of  the  seedlings  from 
this  planting  were  found  dying  and  thoroughly  infected  with  wilt.  On 
June  9  the  plants  were  thinned  to  two  or  three  in  a  hill,  leaving  378  plants 
in  the  plot.  All  plants  removed  were  examined,  by  sectioning,  for  signs 
of  wilt.  Of  the  493  plants  examined,  32  gave  evidence  of  wilt  infection, 
making  about  5  per  cent  of  the  plants  showing  infection  up  to  that  time. 

How  long  the  spores  on  the  seed  will  remain  viable  in  this  test  still 
remains  to  be  determined,  but  it  is  very  evident  that  it  will  live  the  usual 
period  between  picking  time  and  planting.  It  is  probable  that  the 
number  of  spores  occurring  on  the  artificially  inoculated  seed  is  con- 
siderably greater  than  is  likely  to  occur  naturally,  but  Edgerton8  has 
shown  that  the  number  of  spores  of  various  fungi  occurring  naturally  on 
cotton  seed  may  be  enormous.  Under  favorable  conditions  the  number 
of  Fusarium  vasinfectum  spores  could  easily  be  as  high  as  reported  by 
Edgerton  for  other  fungi,  and,  under  the  ordinary  bin  storage  of  cotton 
seed,  at  least  a  considerable  number  should  remain  viable  until  planting 
time. 

It  would  seem  likely  that  spores  of  the  wilt  fungus  might  be  introduced 
into  a  field  without  infecting  the  soil,  or  at  least  that  several  years  might 
elapse  after  its  introduction  before  the  infection  would  become  noticeable. 
In  the  light  of  the  results  obtained  in  the  writer's  work,  it  would  seem 
that  some  such  explanation  must  be  necessary  to  account  for  Gilbert's7 
apparent  negative  results.  In  the  planting  of  artificially  infected  seed 
mentioned  above,  at  least  80  per  cent  and  probably  100  per  cent  of  the 
seed  carried  the  wilt  organism  at  the  time  of  planting,  yet  only  a  very 
few  plants  died  of  wilt  in  the  early  seedling  stage  and  those  could  easily 
have  been  overlooked  if  the  plot  had  not  been  examined  carefully.  At 
the  time  of  thinning,  also,  only  a  few  of  the  plants  having  wilt  showed  a 
general  infection,  and  many  of  those  infected  might  not  have  given  much 
external  evidence  of  the  disease  if  they  had  remained  in  the  field. 
Undoubtedly  those  seeds  which  carry  the  wilt  internally  stand  a  poor 
chance  of  producing  a  plant  that  will  live  more  than  a  very  short  time, 
and  it  is  probable  that  an  introduction  of  the  wilt  by  such  seed  would 
escape  notice  the  first  year  unless  secondary  infection  of  adjoining  plants 
should  take  place. 

It  would  seem  that  under  the  present  system  of  saving  cotton  seed  and 
the  planting  of  very  large  quantities  of  seed  to  insure  a  stand,  every  step 
in  cotton  planting  favors  the  introduction  of  the  wilt  disease  into  new  fields 
and  its  general  distribution  in  all  fields.  The  results  of  the  present 
work  would  seem  to  justify  the  recommendation  that  seed  for  planting 
purposes  shall  not  be  saved  from  fields  badly  infected  with  wilt.     Acid 

*  Edgerton,  C  W.  the  rots  of  the  cotton  boll.  La.  Agr.  Exp.  Sta.  Bui.  137, 113  p.,  13  pi.  (in  text). 
191a.    Bibliography,  p.  81-85. 

7  Gilbert,  W.  W.  cotton  diseases  and  their  control.  U.  S.  Dept.  Agr.  Farmers'  Bui.  1187,  32  P-. 
18  fig.    1921. 
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delinting  will  undoubtedly  reduce  the  chances  of  introducing  the  disease, 
although  organisms  carried  within  the  seed  coat  will  escape  this  treat- 
ment. 

SUMMARY 

The  cotton  wilt  organism,  Fusarium  vasinfectum  Atk.,  was  isolated 

Pfrom  strongly  surface-sterilized  cotton  seed,  indicating  that  the  organism 
is  at  times  carried  on  the  inside  of  the  seed  coat.  The  pathogenicity  of  the 
organism  was  proved  by  inoculation  experiments.  Artificially  inocu- 
lated seed  carried  the  viable  organism  on  the  seed  lint  for  at  least  five 
months.  The  wilt  disease  was  introduced  into  wilt-free  soil  by  means  of 
artificially  infected  seed.  It  is  recommended  that  badly  infected  fields 
be  rejected  as  a  source  of  seed  for  planting. 


PLATE  i. 

A# — Sections  of  healthy  cotton  plant  from  control  pot  on  right.  Sections  of  plants 
from  pot  inoculated  with  culture  No.  H  8  on  left. 

B—  Plants  above  in  uninoculated  control  pots.  Plants  below  in  pots  inoculated 
with  culture  No.  B  i,  X  3,  C  5,  X  4,  F  5,  all  dying  of  wilt. 
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PLATE  2. 

A. — Four  seedlings  from  surface-sterilized  seed,  transferred  to  agar  tubes  when 
apparently  healthy.  The  plant  in  tube  A  was  killed  by  Colletotrichum  gossypii, 
the  plant  in  tube  W  by  Fusarium  vasinfectum.    The  other  plants  were  healthy. 

B. — Plant  W  after  living  5  months  in  pot  inoculated  with  culture  D  9.  Plant  C 
from  control  pot  of  the  same  series. 

(396) 
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IRON  AND  MANGANESE  CONTENT  OF  CERTAIN  SPECIES 

OF  SEEDS ■ 

By  J.  S.  McHargue 
Research  Chemist,  Department  of  Chemistry,  Kentucky  Agricultural  Experiment  Station 

The  occurrence  of  manganese  and  iron  in  the  seeds  of  different  species 
of  plants  has  been  noted  by  a  number  of  investigators.  However,  there 
are  but  few  data  which  show  the  amount  of  each  of  these  elements  con- 
tained in  different  species  of  seeds.  -^ 

Headden  2  found  that  the  amount  of  iron  contained  in  the  straw  of 
wheat  was  two  and  one-half  to  six  times  the  amount  of  manganese,  while 
in  the  kernels  the  manganese  is  approximately  equal  to  the  iron  and  at 
the  same  time  is  higher,  as  a  rule,  than  in  the  straw. 

More  recently  Jones  and  Bullis 3  have  shown  that  manganese  is  con- 
tained in  considerable  amounts  in  the  aerial  portions  of  certain  leguminous 
plants,  and  from  their  results  they  conclude  that  alsike  clover  utilizes 
manganese  in  larger  amounts  than  any  other  legume  commonly  grown 
in  the  State  of  Oregon  and  that  alfalfa  makes  the  least  use  of  it. 

Since  the  writer  4  has  obtained  data  which  show  that  manganese  is  a 
necessary  nutrient  in  the  growth  of  plants,  it  therefore  becomes  a  matter 
of  interest  to  make  a  determination  of  the  amount  of  iron  and,  manganese 
contained  in  seeds  of  some  species  of  plants  and  to  correlate  the 
results  obtained. 

The  results  contained  in  this  paper  have  been  obtained  on  samples 
of  seeds  procured  from  several  different  parts  of  this  country.  Most  of 
the  samples  of  wheat  were  obtained  through  the  courtesy  of  the  Kansas 
and  Nebraska  Experiment  Stations  and  represent  some  of  the  more 
useful  varieties  grown  in  these  and  other  States.  A  few  of  the  samples 
of  wheat  and  oats  were  obtained  from  the  Departments  of  Plant  Breed- 
ing and  Farm  Crops  at  Cornell  University  and  had  been  grown  on  the 
experimental  plots  at  that  institution.  Most  of  the  other  seeds  were 
obtained  from  a  seed  company  at  Lexington,  Ky.,  but  the  localities 
in  which  they  were  grown  are  not  known  to  the  writer. 

The  methods  used  in  the  estimation  of  the  iron  and  manganese  in 
the  seeds  were:  For  iron,  the  colorimetric  thiocyanate  method;  5  and 
for  manganese,  the  colorimetric  periodate  method.8 

1  Accepted  for  publication  Oct.  16,  1922.  Published  with  the  approval  of  the  Director  of  the  Kentucky 
Agricultural  Experiment  Station. 

2  Headden,  William  P.  occurrence  of  manganese  in  wheat.  In  Jour.  Art.  Research,  v.  5,  p.  349- 
355-     1915-     Literature  cited,  p.  35s. 

3  Jones,  J.  S.,  and  Bullis,  D.  E.  manganese  in  commonly  grown  legumes.  In  Jour.  Indus,  and 
Engin.  Chem.,  v.  13,  p.  524-525.    1921. 

1  McHargue,  J.  S.  the  role  of  manganese  in  plants.  In  Jour.  Amer.  Chem.  Soc,  v.  44,  p.  1 592-1598. 
3  fig.    1922. 

5  Scott,  Wilfred  W.,  ed.    standard  methods  of  chemical  analysis,    p.  222.    1917. 

0  Willard,  Hobert  H.,  and  Greathouse,  Lucien  H.  the  colorimetric  determination  op  manga- 
nese by  oxidation  with  periodate.  In  Jour.  Amer.  Chem.  Soc,  v.  39,  p.  2366-2377.  1917.  Bibliog- 
raphy, p.  2376-2377. 
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It  is  known  that  the  presence  of  considerable  phosphorus  affects  the 
accuracy  of  the  colorimetric  thiocyanate  method  for  the  estimation  of 
iron.  The  following  experiment  was  performed  to  determine  whether 
the  amount  of  phosphorus  contained  in  seeds  was  enough  to  affect  the 
estimation  of  iron  by  the  thiocyanate  method.  Graduated  portions  of 
a  standard  solution  made  by  dissolving  5  gm.  of  potassium  phosphate 
(KH2P04)  in  100  cc.  of  water  were  measured  out  into  a  series  of  test 
tubes.  The  phosphorus  contained  in  the  different  tubes  varied  from  an 
amount  much  less  than  that  found  in  seeds  and  gradually  increased 
until  the  phosphorus  content  was  several  times  this  amount.  To  the 
tubes  containing  the  different  concentrations  of  phosphorus  were  added 
equal  amounts  of  the  necessary  reagents  including  2  cc.  of  a  standard 
ferric  iron  solution,  and  the  red  color  produced  compared  with  the  color 
developed  in  a  tube  containing  an  equal  amount  of  all  of  the  reagents 
used  in  the  experiment  except  phosphorus. 

No  observable  effect  on  the  color  of  the  solution  could  be  detected 
until  the  phosphorus  content  was  approximately  .05  gm.,  an  amount 
which  is  much  in  excess  of  that  contained  in  an  aliquot  necessary  for 
the  estimation  of  iron  in  seeds.  The  color  produced  with  thiocyanate 
in  the  presence  of  greater  concentrations  than  .05  gm.  of  phosphorus 
was  yellowish  red  instead  of  blood  red  as  was  produced  with  lower  con- 
centrations of  phosphorus. 

The  results  obtained  represent  the  amounts  of  iron  and  manganese 
contained  in  the  moisture-free  seeds. 

Table  I. — Percentages  of  iron  and  manganese  found  in  the  different  species  of  seeds 

WHEAT 


Variety. 


Big  Flame 

Dawson 

Gold  Coin 

Gypsy 

Deitz 

Nebraska  No.  60 

Kanred 

Red  Wave 

Ghirka 

Mutant  (Nebr.  No.  28) 

Average 


Fe. 


0039 


Mn. 


Per  cent. 

Per  cent. 

O.  0031 

0.0043 

•  0036 

.  0049 

.  OO32 

.  0043 

.0051 

.  0049 

.0043 

.0038 

.  OO32 

.  0061 

.OO39 

.  0036 

.  OO41 

.0037 

.  0040 

.0073 

.  OO42 

.0043 

0047 


SPRING  OATS 


White 

Do 

Do 

Black  

Burt 

Rust  proof 

Mixed 

Victory 

Average 


o.  0046 
.  0049 
.  0078 
.  0062 
.0034 

•  °°52 
.0034 
.  0042 


0050 


o.  0058 
.  0048 

•oo35 
.0038 

.  0048 

.  0060 

•  °°S2 
.0052 


0049 
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Table  i. — Percentages  of  iron  and  manganese  found  in  the  different  species  of  seeds — Con. 

GARDEN  PEAS 


Alaska 

Telephone  .  .  . 
Gradus 

Average 


Fe. 


Mn. 


Per  cent.  Per  cent. 

o.  0070  1  O.  OOI2 


.  0080 
0138 


OO96 


.  OOIO 
.  OOI4 


OOI2 


GARDEN   BEANS 


Tennessee  Green  Pod 

Kentucky  Wonder  (brown  seeds) 
Kentucky  Wonder  (white  seeds) 

Pole  Lima 

Bunch  Lima 

Average 


o.  0100 
.  0110 
.  0128 
.  0080 
.  0100 


0103 


o.  0017 
.  0016 
.  0018 
.  0018 
.  0019 


0018 


SOYBEANS 


Brooks 

Mandarin 

Manchu 

Kansas  No.  1430. 

Haberlandt 

Black  Eyebrow . 

Chestnut 

Sooty 

Peking 

Ito  San 


Average 


o.  0057 
.  0081 
.  0072 
.  0062 
.0088 
.  0080 
.  0087 
.  0061 
.0074 
.  0081 


0074 


o.  0021 

•  0025 
.0025 

.  0023 

•  0033 

•  0025 
•0033 

.  0023 
.  0041 

■  0031 


0028 


CLOVERS 


Alsike 

Red 

White 

White  (sweet) . 
Yellow  (sweet) 

Crimson 

Japan 

Vetch 

Alfalfa 

Average . 


GRASSES 


o.  0517 
.  0021 
.  0020 
.  0290 

.0015 

.  0060 

.0300 
.0085 

.  0100 


0156 


Redtop 

Timothy 

Kentucky  bluegrass 

Orchard  grass 

Millet • 


o.  0160 
.  0061 
•0350 
.  0070 
.0052 


3.  0028 
.OO38 
.  002  2 
.  OO27 
.  OOI4 
.  OO29 

•OI55 
.  0023 

.  0012 


.0039 


o.  0510 
.  0072 
.0085 
.  0176 
.  0017 
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gras.ses— continued 


Corn  (white  H.  K.) 

Corn  (yellow) 

Cane  (sorghum). .. . 

Average 


Fe. 

Per  cent 
.  0017    i 
.  0026 
.  0078 


Mn. 


0107 


Per  cenU 
.  OO07 
.  OOO4 
.  OO19 

.  0111 


MISCELLANEOUS 


Sunflower 
Hemp.  .. . 

Flax 

Rape 

Tobacco . . 


o.  0034 
.  0210 
•  °°85 
.0059 
.  0240 


o.  0023 

•  0163 

•  0038 
.  0046 
.  0070 


In  the  foregoing  results  the  following  points  of  interest  are  worthy  of 
mention. 

In  the  samples  of  wheat  the  average  percentage  of  manganese  is  slightly 
greater  than  that  of  iron,  which  shows  that  the  capacity  of  this  plant 
for  storing  manganese  in  the  seed  is  as  great  as  its  capacity  for  storing 
iron.  This  fact  suggests  the  possibility  that  manganese  may  perform 
a  function  of  equal  importance  to  that  of  iron  in  the  plant's  metabolism. 
In  one-half  of  the  number  of  samples  the  iron  was  slightly  greater  than 
the  manganese  in  the  same  sample.  The  largest  percentage  of  manganese 
was  found  in  the  Ghirka  variety  and  the  largest  percentage  of  iron  in  the 
Gypsy. 

In  a  previous  article  by  the  writer  7  it  was  pointed  out  that  manganese 
occurs  in  greatest  concentrations  in  the  outer  membranes  of  this  seed 
and  least  in  the  starchy,  glutinous  material  in  the  interior  of  the  endo- 
sperm. It  is  therefore  evident  that  in  the  processes  of  manufacturing 
the  highest  grades  of  patent  flour  most  of  the  manganese  is  removed  in 
the  offal.  Then,  if  it  should  be  proved  that  manganese  is  also  a  necessary 
element  in  the  diet,  it  is  apparent  that  patent  flour  would  contain  less 
manganese  than  whole  wheat  or  graham  flour. 

The  average  results  for  iron  and  manganese  in  oats  show  that  these  two 
elements  are  more  nearly  equally  distributed  than  in  wheat. 

In  the  preparation  of  oatmeal  for  human  consumption  the  manganese 
would  not  be  eliminated  in  the  offal  to  the  extent  it  is  in  the  manufacture 
of  flour  from  wheat.  Therefore  oatmeal  affords  one  of  the  richest  sources 
of  manganese  in  food,  and  it  is  quite  probable  that  it  does  add  some 
nutritive  value  to  this  material. 

The  average  results  for  iron  and  manganese  in  garden  peas  and  beans 
are  approximately  the  same  in  each  of  the  different  kinds  of  seeds.  It  is 
also  of  interest  to  note  that  the  iron  content  is  more  than  six  times  the 
amount  of  manganese  in  these  seeds.  The  iron  content  in  peas  and 
beans  is  almost  three  times  that  found  in  wheat  and  twice  the  amount 


1  McHARGUE,  J.  S.     THE  OCCURRENCE  AND  SIGNIFICANCE  OF  MANGANESE  IN  THE  SEED  COAT  OF  VARIOUS 

•8BDS.    In  Jour.  Amer.  Chem.  Soc,  v.  36,  p.  2532-2536.    1914- 
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contained  in  oats.  The  manganese  content  of  wheat  and  oats  is  approx- 
imately three  times  that  contained  in  peas  and  beans. 

In  10  different  varieties  of  soybeans  the  average  percentage  of  iron 
was  nearly  three  times  as  large  as  the  average  percentage  of  manganese. 
Since  soybeans  have  some  use  as  a  food  and  feed  material  it  is  of  interest 
to  note  that  they  supply  a  relatively  large  amount  of  iron  in  the  diet. 
Soybeans  contain  less  iron  than  garden  peas  and  beans,  but  more  man- 
ganese. 

The  average  results  for  nine  varieties  of  clover  show  an  iron  content 
of  nearly  four  times  that  of  manganese.  The  average  percentage  of  iron 
is  about  twice  the  iron  content  in  soybeans,  while  the  manganese  con- 
tent is  about  the  same.  Alsike  clover  contains  nearly  20  times  as  much 
iron  as  manganese.  While  white  sweet  clover  contains  a  little  more 
than  10  times  as  much  iron  as  manganese,  yellow  sweet  clover  contains 
nearly  equal  amounts  of  each  of  these  elements.  Both  the  white  and 
vellow  sweet  clover  seeds  had  been  decorticated.  The  iron  content  of 
japan  clover  is  about  twice  that  of  manganese.  The  clovers  contain 
considerably  more  iron  than  any  of  the  other  species  of  seeds  examined. 

In  the  grasses,  redtop  contained  more  than  three  times  as  much  man- 
ganese as  iron,  while  bluegrass  contained  more  than  four  times  as  much 
iron  as  manganese.  Orchard  grass  contained  more  than  twice  as  much 
manganese  as  iron. 

White  and  yellow  field  corn  contained  the  smallest  amounts  of  iron 
and  manganese  of  any  seed  examined.  Since  most  of  the  iron  and  man- 
ganese contained  in  corn  is  found  in  the  germ  and  bran  and  since  the 
food  products  of  corn  as  they  are  prepared  to-day  exclude  these  parts 
of  the  grain,  it  is  evident  that  such  food  products  would  be  practically 
a  negligible  source  of  manganese.    . 

Hemp  seed  contained  relatively  large  and  nearly  equal  amounts  of 
iron  and  manganese.  The  largest  amounts  of  iron  were  found  in  Alsike 
clover,  bluegrass,  Japan  clover,  hemp,  and  redtop,  respectively,  while 
the  largest  amounts  of  manganese  were  found  in  redtop,  Japan  clover, 
orchard  grass,  hemp,  and  bluegrass,  respectively.  Japan  clover  seed 
retains  the  calyx  and  pod,  which  majr  account  for  its  high  manganese 
content. 

It  is  to  be  noted  that  the  manganese  content  is  much  less  than  the 
iron  content  in  legumes,  whereas  in  cereals  the  iron  and  manganese 
contents  are  more  nearly  equal. 

Seeds  containing  the  most  iron  did  not  contain  the  largest  amounts 
of  manganese.  In  the  grasses  there  appears  to  be  considerable  fluctua- 
tion in  the  iron  and  manganese  content  in  one  variety  as  compared  with 
another.  Thus  manganese  is  in  excess  in  redtop  while  iron  predominates 
in  bluegrass. 

CONCLUSIONS 

The  average  manganese  content  of  the  seeds  of  wheat  and  oats  pro- 
duced under  natural  conditions  in  the  soil  is  equal  to  the  average  amount 
of  iron  found. 

The  amount  of  manganese  in  the  seeds  of  legumes  is  much  less  than 
the  iron  content. 

The  amount  of  iron  and  manganese  found  in  grasses  showed  consider- 
able fluctuations  with  varieties,  but  the  average  results  are  nearly  equal. 


STUDIES  UPON  THE  LIFE  CYCLES  OF  THE  BACTERIA- 
PART  II:  LIFE  HISTORY  OF  AZOTOBACTER  l 

By  F.  Lohnis,  Soil  Bacteriologist,  and  N.  R.  Smith,  Assistant  Bacteriologist,  Bureau 
of  Plant  Industry,  United  States  Department  of  Agriculture  2 

INTRODUCTION 

In  a  preliminary  communication,  published  in  this  Journal  in  191 6  (28)  ,3 
it  was  pointed  out  (1)  that  the  life  histoiy  of  Azotobacter  is  much  more 
complicated  than  was  generally  assumed  and  (2)  that  the  same  holds 
true  with  regard  to  all  other  bacteria.  The  correctness  of  this  general 
statement  was  further  demonstrated  by  the  senior  author  in  a  critical 
review  of  the  bacteriological  literature,  published  as  Part  I  of  these 
Studies  (25).  It  was  shown  therein  that  all  findings  briefly  recorded 
in  our  preliminary  communication  are  in  complete  agreement  with 
numerous  analogous  observations  made  between  1838  and  1918.  That 
these  older  findings  had  failed  to  lead  to  a  more  accurate  knowledge  of 
bacterial  pleobiosis  was  caused  by  their  being  widely  scattered  in  a 
gigantic  literature  and  by  their  being  not  in  accordance  with  time- 
honored,  though  incorrect,  theories  concerning  bacterial  monomorphism 
and  constancy. 

Since  Part  I  was  written,  several  contributions  have  been  published 
which  further  support  our  standpoint.  Bergstrand  (4,  5)  studied  the 
wide  pleomorphism  of  a  yellow  diphtheroid  and  advocated  that  all 
bacteria,  on  account  of  their  budding,  branching,  etc.  should  be  classed 
among  the  Fungi  Imperfecti.  Brown  and  Orcutt  (7)  recorded  bacillary, 
fusiform,  filamentous  branching,  diphtheroid,  and  streptococcoid  growth 
of  Bacterium  pyogenes.  Thompson  (42)  noticed  that  B.  proteus,  when 
grown  in  symbiosis  with  B.  tuberculosis,  with  other  mycobacteria  or 
actinomycetes,  changed  to  a  diphtheroid,  anaerobic  organism  in  62  per 
cent  of  all  cases.  A  fuso-spirillary  organism  was  seen  by  Mellon  (31) 
to  grow  (1)  as  a  yellow  actinomyces-like  organism,  (2)  as  a  diphtheroid, 
making  small  semitransparent  colonies,  (3)  as  a  white,  aerobic,  gelatine 
liquefying  coccus,  (4)  as  a  typical  anaerobic  Fusiformis,  and  (5)  as  an 
anaerobic  spirillum-like  organism;  filterable  gonidia,  "giant  cocci" 
(evidently  gonidangia)  and  phases  of  the  symplastic  stage  were  also 
recorded.  By  the  same  author  {32,  jj)  the  "giant  cocci"  of  Coryne- 
bacterium  Hodgkinii  were  isolated  and  stabilized,  and  their  "schizogony, " 
dividing,  budding  and  germination  were  carefully  studied.  Wade  and 
Manalang  (44)  made  an  interesting  report  upon  the  various  growth 
forms  of  Bacterium  influenzae,  wherein  they  state: 

The  familiar  bacillus  is  but  a  simple  form  of  an  organism  capable  of  complex  develop- 
ment. 

'  Accepted  for  publication  Sept.  26,  1921. 
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They  are  inclined  to  place  it  therefore  among  the  Actinomycetes,  but 
a  comparison  of  their  findings  with  those  discussed  in  Part  I  of  our 
Studies  (25)  leaves  no  doubt  that  Bacterium  influenzae,  too,  follows 
exactly  the  same  general  lines  which  are  recognizable  in  the  life  history 
of  all  bacteria.  The  general  occurrence  of  filterable  gonidia  is  further 
indicated  by  observations  made  by  Heymans  (13)  with  regard  to  anthrax 
and  tuberculosis.  It  was  found  that  the  bacteria  pass  the  filter  in  an 
ultramicroscopic  form.  Hort  (14)  published  additional  details  concern- 
ing the  various  modes  of  bacterial  reproduction;  Howe  and  Hatch  (15) 
confirmed  Noguchi's  finding  that  B.  bifidus  can  grow  as  an  aerobic, 
sporulating  bacillus;  and  Orla-Jensen  (38)  pointed  out  that  certain 
aerobic  plectridia  can  be  easily  transformed  so  that  they  are  no  more 
distinguishable  from  the  typical  Proteus  bacteria.  Studies  upon  the 
conjunction  of  bacterial  cells  were  made  by  Potthoff  (30)  with  Chroma- 
tium  and  sulfur  spirilla,  and  by  Knderlein  (8)  with  Vibrio  cholerae.  The 
results  obtained  are  in  good  agreement  with  earlier  findings  (25,  p.  iq5, 
202).  The  same  holds  true  in  regard  to  more  recent  observations  made 
by  Lutz  (30a)  upon  the  different  types  of  globoid  bodies  produced  by 
B.  anthracis.  Almquist  (2a)  and  Mellon  (33a)  have  again  emphasized 
that  a  thorough  knowledge  of  the  various  developmental  phases  in  the 
life  histories  of  pathogenic  bacteria  is  essential  for  gaining  a  correct  view 
of  epidemiological  problems. 

Our  observation  upon  the  life  cycle  of  Azotobacter,  as  recorded  in 
our  preliminary  paper  (28),  were  partially  confirmed  and  partially  con- 
tested by  D.  H.  Jones  (16).  Confirmed  were  the  data  on  pleomorphism 
and  symplastic  stage,  contested  those  on  conjunction  and  on  the  ability 
of  Azotobacter  to  assume  endospore  formation.  The  discussion  of  these 
differences  of  opinion  will  be  taken  up  at  the  end  of  this  report  after  our 
experimental  results,  obtained  since  19 16,  have  been  presented. 

METHODS  OF   INVESTIGATION 

To  obtain  complete  and  accurate  information  upon  the  life  cycles  of 
the  bacteria  is  no  more  difficult  but  much  more  time-consuming  than  to 
make  an  ordinary  bacteriological  diagnosis.  Single-cell  cultures  and 
continuous  microscopic  observation  of  the  living  organisms  are  by  no 
means  so  absolutely  indispensable  as  is  sometimes  asserted  (25,  p.  30, 
205).  The  generally  used  methods  of  isolating,  cultivating,  and  studying 
the  bacteria  are,  as  a  rule,  quite  sufficient  to  collect  complete  information, 
provided  they  are  applied  judiciously  and  the  investigator  himself  is  not 
too  preoccupied  by  the  wide-spread  prejudices  concerning  "normal"  and 
"abnormal"  growth,  "involution  forms,"  and  "contamination". 

A  sufficient  number  of  parallel  tests,  the  frequently  repeated  microscopic 
control  of  the  cultures  held  for  a  sufficient  length  of  time  (not  less  than 
a  month,  preferably  longer),  and  the  regular  repetition  of  all  experiments 
are  three  points  of  major  importance.  Accordingly,  apparent  changes 
of  growth  can  be  correctly  accepted  as  such,  only  if  they  have  been  as- 
certained repeatedly  in  parallel  tests  and  if  they  have  been  closely  followed 
under  the  microscope.  Furthermore,  an  apparently  new  type  of  growth 
must  always  be  tested  in  regard  to  its  inclination  to  return  to  its  origin, 
or  to  pass  over  into  another  well-known  developmental  stage  of  that 
particular  organism.  Sometimes  the  patience  and  persistence  of  the 
investigator  is  taxed  very  much  by  such  experiments ;  it  may  take  years 
before  positive  results  are  secured.     A  few  examples  in  this  respect  were 
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mentioned  in  Part  I  (25,  p.  2g,  34)  and  others  will  be  discussed  on  the 
following  pages.  On  the  other  hand,  the  instability  of  a  new  form  may 
prove  vexatious.  Even  if  a  new  type  of  growth  is  represented  by  a 
sufficient  number  of  cells  in  a  culture,  and  its  separation  by  plating  there- 
fore appears  to  be  promising,  nevertheless  a  complete  failure  may  result, 
due  either  to  an  immediate  return  to  the  original  type  of  growth  or  to 
the  disinclination  of  the  new  form  to  grow  in  pure  culture  on  the  substrate 
used.  Occasionally  the  stabilization  of  the  new  form  proceeds  very 
slowly  and  gradually;  its  colonies  may  appear  very  late  on  the  plates, 
or  they  may  at  first  simulate  those  of  the  mother  form  so  closely  that  only 
microscopically  can  a  differentiation  be  made.  However,  these  particular 
difficulties  are  rather  an  exception  to  the  rule;  usually  the  new  type  of 
growth  will  be  isolated  if  it  is  represented  in  the  original  culture  by  a 
sufficient  number  of  cells.  To  reduce  the  chances  for  contamination  as 
far  as  possible  we  prefer  for  plating  flat  bottles  with  a  neck  not  much 
wider  than  a  test  tube.  The  dilutions  are  made  directly  in  the  bottles 
wherein  the  substrate  was  previously  sterilized. 

Besides  beef  agar,  beef  gelatine,  beef  broth,  milk,  and  potato  the  sub- 
strates most  frequently  used  in  our  Azotobacter  experiments  were  man- 
tiite-nitrate  solution  and  mannite-nitrate  agar.  The  composition  of 
these  media  was  given  in  our  preliminary  communication  (28,  p.  686). 
Our  recipe  was  changed  by  E-  R.  Allen  (2)  with  very  unsatisfactory 
results;  it  is,  however,  only  his  substrate,  not,  as  he  asserts,  the  "medium 
of  Lohnis  and  Smith"  which  proved  to  be  unsuitable  for  Azotobacter 
growth.  We  studied  for  example,  the  alternation  between  the  varied 
cell  life  and  the  symplastic  stage  of  this  organism  in  the  original  cultures, 
made  in  mannite-nitrate  solution,  for  more  than  a  year  and  then  kept 
these  cultures  four  years  longer  (most  of  the  time  sealed) ;  transferred  to 
new  solution  at  the  end  of  the  whole  period,  60  per  cent  of  the  cultures 
gave  new  vigorous  growth.  The  hydrogen-ion  concentration  of  these 
substrates  was  usually  kept  approximately  at  Ph  6.8;  occasionally  it 
was  increased  to  6.0  or  lowered  to  7.5-8.0.  Potato  agar  (15  gm.  agar 
and  10  gm.  peptone  added  to  1,000  cc.  filtered  potato  water,  prepared 
by  boiling  200  gm.  potato  in  1,200  cc.  water,  to  which  an  excess  of  CaC03 
wras  added)  was  also  found  to  be  very  useful,  as  was  the  case,  although 
less  frequently,  with  soda  agar  (beef  agar  with  J4  Per  cent  Na^CX^), 
phosphate  agar  (beef  agar  with  yi  per  cent  Ca(H2POJ2),  salt  agar 
(beef  agar  with  2  to  8  per  cent  NaCl),  and  water  to  which  5  cc.  beef 
broth  per  1,000  cc.  were  added.  Most  instructive  results,  however, 
were  secured  from  cultures  kept  in  sterilized  soil  (about  5  gm.  in  test 
tubes  heated  in  the  autoclave  for  \}i  hour  at  20  pounds  pressure)  mois- 
tened with  0.5  per  cent  mannite  solution.  Within  a  few  weeks  all 
developmental  stages  were  passed  in  this  substrate  with  greatest  regu- 
larity. 

Some  experiments  upon  the  effect  of  symbiosis  of  Azotobacter  and 
Radiobacter  were  also  included.  It  was  pointed  out  in  an  earlier  paper 
(26)  that  especially  the  regeneration  of  large  spore-free  Azotobacter  cells 
from  the  sporulating  growth  is  favored  by  the  presence  of  Radiobacter. 

The  following  cultures  of  Azotobacter  were  used  in  our  experiments : 

A.  chroococcum  Beij.  (Laboratory  Numbers  1,  2,  10,  11,  12,   14,  17  to 

25)- 

A.  Beijerinckii  J.  G.  Lipman  (Laboratory  Numbers  3  to  6,  13,  and  15). 

A.  agile  Beij.,  syn.  A.  Vinelandii  J.  G.  Lipman  (Laboratory  Numbers 
7  to  7c,  16  to  16c). 
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A.  vitreum  Lohnis  (Laboratory  Number  9). 

A.  sp.  (Laboratory  Numbers  26  and  27). 

Cultures  No.  1  to  11  are  identical  with  those  studied  in  1914  (26)  with 
the  exception  of  No.  7b  and  7c,  two  strains  of  Azotobacter  agile  recently 
received  from  Krai's  Museum  in  Vienna  (A.  Vinelandii  Lipman- Ambroz 
and  A.  agilis  Dahlem).  No.  12  and  13  are  old  stock  cultures  of  the 
Laboratory  of  Soil  Bacteriology.  No.  14  to  16  and  16c  were  received  from 
Dr.  J.  G.  Lipman,  New  Brunswick,  N.  J.;  No.  16b,  17,  and  20  are  sub- 
cultures of  No.  112,  141,  and  522  of  the  New  York  Museum  of  Natural 
History.  No.  18  and  19  were  received  from  Prof.  D.  H.  Jones,  Guelph, 
Ontario,  in  19 12  (his  strains  1  and  3).  No.  21  to  25  are  new  isolations 
obtained  in  the  spring  of  1916  from  soil  samples  received  from  Dr.  C.  B. 
Lipman,  Berkeley,  Calif.  No.  26  and  27  were  sent  to  us  by  Dr.  M.  Mul- 
vania,  Knoxville,  Tenn. 

Fifteen  of  these  strains  (No.  7,  9,  10  to  14,  16,  16c,  18,  21  to  25)  grew 
as  typical  large  nonsporulating  cells,  when  the  investigations  were  started ; 
4  cultures  showed  only  large  sporulating  cells  (No.  2,  3,  4,  and  7b),  2 
small  sporulating  rods  (No.  5  and  6),  and  3  irregular  fungoid  cells  (No.  15, 
17,  and  19);  4  were  made  up  of  small  nonsporulating  rods  (No.  7c,  16b, 
26,  and  27),  1  of  coccoids  (No.  20),  and  1  of  dwarfed  cells  (No.  1).  Al- 
though it  was  known  in  only  some  of  the  cases  where  atypical  growth 
occurred  that  this  was  not  due  to  contamination,  we  decided  to  include 
all  atypical  strains  in  our  studies  and  to  base  our  ultimate  decision  upon 
the  outcome  of  these  experiments. 

Each  of  the  30  Azotobacter  strains  was  tested  in  about  100  to  200  and 
sometimes  more  transfers.  Each  transfer  was  subjected  to  4  to  6,  but 
occasionally  to  many  more  microscopic  tests.  The  results  presented  in 
this  paper  are  therefore  based  on  over  20,000  observations.  Numerous 
additional  tests  were  made  with  cultures  of  several  other  "species," 
which  proved  to  be  identical  with  the  newly  evolved  growth  types  of 
Azotobacter — namely  Bacillus  petasites  A.M.  et  Gottheil,  Bacillus  mala- 
barcnsis  Lohnis  et  Pillai,  Bacillus  danicus  Lohnis  et  Westermann,  Bacillus 
pumilus  A.M.  et  Gottheil,  Bacillus  Freudenreichii  (Miquel)  Mig.,  Bacillus 
fusiformis  A.M.  et  Gottheil,  and  Bacterium  lactis  viscosum  (Adametz) 
Lehm.  et  Neum.  Some  of  these  cultures  were  kept  in  the  senior 
author's  collection;  others  were  obtained  from  New  York  or  from  Vienna. 

LIFE  CYCLE  OF  AZOTOBACTER 

In  Figure  1  of  our  preliminary  paper  (28)  we  gave  a  schematic  sketch 
of  the  various  cell  types  and  modes  of  reproduction  of  Azotobacter.  Four 
types  or  subcycles  of  growth  were  considered  to  be  most  characteristic. 
The  more  thorough  study  of  the  problem,  however,  led  to  the  discovery 
that  from  every  Azotobacter  culture  not  less  than  seven  different  growth 
types  can  be  developed  and  stabilized;  all  of  them  are  interchangeable. 
The  cells  characterizing  these  seven  types  of  growth  are  the  following 
(the  letters  in  parentheses  referring  to  the  designations  used  in  our  pre- 
liminary paper) : 

Large  non-sporulating  cells  (types  A,  B,  La,  Ka,  and  J). 

Coccoid  forms  (type  I). 

Dwarfed  cell  type  (types  Ea,  E/3,  and  Ke). 

Fungoid  cell  type  (types  G  and  K7). 

Small  non-sporulating  rods  (type  Fa) . 

Small  sporulating  rods  (type  F/3). 

Large  sporulating  cells  (types  L,  M,  and  KX) . 
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Inspection  of  figure  1  of  the  preliminary  paper  (28)  will  show  that  the 
increase  in  the  number  of  growth  types  from  four  to  seven  is  due  to  the 
fact  that  types  I  and  G  (with  K7)  could  also  be  stablized,  and  that  the 
three  types  E,  Fa,  and  F/3  could  be  grown  separately. 

In  accordance  with  the  arrangement  made  in  Part  I  of  these  Studies 
(23)  the  different  cell  types,  the  various  modes  of  reproduction,  the  sym- 
plastic  stage,  and  the  conjunction  of  vegetative  and  reproductive  cells  will 
be  discussed  consecutively.  The  cultural  characteristics  of  the  different 
developmental  stages,  however,  will  be  given  separately  in  a  special 
chapter.  The  morphological  features  of  vegetative  and  reproductive  cells 
were  found  to  be  fundamentally  the  same  with  all  our  Azotobacter  strains, 
while  the  cultural  peculiarities  allow  a  clear  separation  of  the  four  species 
(or  varieties)  Azotobacter  chroococcum,  A.  Beijerinckii,  A.  agile,  and  A. 
vitreum.  Accordingly,  the  morphological  facts  observed  with  the  different 
strains  will  be  considered  jointly,  while  the  cultural  characteristics  of  the 
four  groups  will  be  discussed  separately. 

I. — DIFFERENT   CELL,   FORMS   OF    AZOTOBACTER 

The  wide  pleomorphism  of  Azotobacter  was  discussed  to  some  extent 
in  earlier  publications  (j,  9,  26,  30,  and  40).  But  how  really  bewildering 
the  multitude  of  cell  types  is  which  this  organism  is  able  to  produce  in  the 
course  of  its  life  cycle  may  be  gathered  from  the  photographs  reproduced 
on  the  plates  attached  to  this  paper.  Even  they,  of  course,  do  not  ex- 
hibit all  forms  which  were  observed  in  the  course  of  our  studies.  But 
combined  with  the  data  presented  in  our  preliminary  report  (28)  and  in 
Part  I  (23)  they  will  suffice  to  indicate  that  an  approximately  complete 
picture  of  the  form  cycle  of  a  bacterium  is  very  different  from  the  cus- 
tomary meager  description  of  a  so-called  bacterial  species. 

The  relatively  large  globules,  ovals,  or  rodlike  cells,  measuring  about 
2  to  4  by  3  to  5  to  7/x,  motile  either  (ovals)  by  polar  or  (rods)  by  peri- 
trichous  flagella,  mostly  Gram-negative,  are  in  most  cases  very  unstable. 
Figures  1,  2,  4,  and  6  to  8  of  Plate  1  demonstrate  how  even  in  young 
cultures  (2  to  7  days  old)  the  typical  large  cells  are  inclined  to  change  to 
small  globular  forms  (coccoids)  or  to  more  slender  pointed  rods,  character- 
istic of  the  sporulating  type  of  growth.  In  older  cultures  large  and  small 
rods,  irregular  fungoid,  as  well  as  very  small  dwarfed  cells  are  always 
present,  as  is  shown  in  figures  3,  5,  9,  11,  and  12  from  growths  3  weeks 
to  r  1  months  old.  All  these  forms  are  viable,  and  therefore  not  to  be 
classed  as  involution  forms.  Figures  1  to  5,  9,  and  11  make  it  fairly 
clear  that  the  decrease  in  cell  size  is  largely  due  to  a  loss  of  voluminous 
slimy  cell  elements  and  to  the  liberation  and  multiplication  of  nuclear 
material,  which  according  to  the  quality  of  accessory  substances  presents 
itself  as  either  well  or  weakly  stainable,  or  as  entirely  unstainable  when 
treated  with  aqueous  dyes.  Potato  agar  favored  especially  the  ap- 
pearance of  globular  cells;  slightly  acid  mannite-nitrate  agar  (Pu  6.0) 
strengthened  the  tendency  to  produce  small  rods  and  coccoids.  Only 
two  of  our  cultures  (No.  13  and  18)  grew  permanently  on  all  substrates 
in  the  large  typical  form,  but  also  in  these  cases  the  microscope  always 
revealed  the  presence  of  the  other  cell  types  in  small  number. 

The  varying  appearance  and  behavior  of  the  coccoid  cells  of  medium 
and  of  small  size  is  illustrated  on  Plate  2.  Figures  13  to  15  demonstrate 
their  budding  out  of  the  larger  cells;  figure  16  shows  multiplication  by 
budding  and  by  fission;  figures  17,  18,  and  21  represent  the  fairly  uniform 
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growth  of  the  coccoids,  which  were  always  found  immotile  and  Gram- 
positive.  Figures  19  and  20  illustrate  the  upgrowth  to  larger  globular 
cells,  and  figures  22  to  24  the  streching  to  small  and  large  non-sporulating 
and  sporulating  rods.  The  coccoids  shown  in  figures  17  and  18  look  very 
much  like  typical  micrococci,  and  they  may,  in  fact,  assume  a  great 
stability  of  growth.  But  sooner  or  later  they,  too,  will  either  return 
to  the  large  cell  form  or  elongate  to  regular  or  irregular  rod  forms.  One 
of  our  strains  (coccoids  of  Azotobacter  agile,  No.  7)  remained  fairly  stable 
as  a  pink  "micrococcus,"  for  not  less  than  five  years  in  71  transfers, 
and  then  it  returned  to  the  large  original  growth  type  only  if  kept  either 
in  milk  or  in  mannite-nitrate  solution  for  one  to  two  months.  Milk 
and  potato  agar  were  usually  most  favorable  for  a  return  to  the  large 
cell  type,  while  beef  agar,  beef  broth,  and  mannite-nitrate  solution  in- 
duced the  develpment  of  rodlike  and  fungoid  forms. 

The  dwarfed  cell  type,  first  discovered  in  an  old  culture  of  Azotobacter 
chroococcum  (26),  can  be  evolved  from  Azotobacter  cultures  as  easily  as 
or  even  more  easily  than  the  occcoid  growth.  It  is  either  immotile  and 
Gram-negative  or  (the  smallest  units)  motile  and  Gram-positive.  The 
liberation  of  these  smallest  specks  of  mostly  nuclear  material  from  the 
larger  cells  (by  budding  or  by  so-called  granular  decomposition)  can  be 
seen  in  every  culture  (fig.  3  and  5  of  PI.  1).  But  separate  development 
is  usually  slow  and  inconspicuous,  and  the  isolation  of  this  type  of  growth, 
therefore,  not  always  easy.  Pure  cultures  once  established,  however,  are 
much  inclined  to  reproduce  larger  cells,  especially  rods  and  fungoid  growth. 
Figures  25  to  36  on  Plate  3  show  the  typical  growth  and  the  alterations 
most  frequently  observed.  A  close  study  of  the  minute  forms  character- 
istic of  this  stage  (fig.  25  and  26)  reveals  the  tendency  to  present  a 
more  or  less  irregular,  often  wedge-shaped  appearance.  This  tendency 
becomes  more  noticeable  when  the  upgroAvth  takes  place  either  by  a 
uniting  of  the  small  granular  bodies  in  slimy  threads  (fig.  28  and  29)  or 
by  their  stretching  to  small  rodlike  cells  (fig.  30  and  31).  On  the  other 
hand,  very  regular,  weakly  staining  small  ovals  may  appear,  or  the  small 
irregular  cells  may  assume  globular  shape  (fig.  27),  simulating  in  this 
case  small  micrococci.  The  latter  process  is  always  ascertainable  in 
cultures  several  weeks  old,  whose  miscroscopic  appearance  is  very  similar 
to  that  shown  in  figure  18  on  Plate  2.  Large  rod- shaped,  threadlike, 
or  large  globular  cells  are  comparatively  rare  in  cultures  of  this  type; 
if  they  appear  they  are  probably  always  produced  by  the  symplasm 
(fig.  32  to  36).  The  simultaneous  reproduction  of  small  cells,  of  long 
slimy  threads,  which  are  occasionally  branched,  and  of  large  ovals  and 
globules  deserve  special  attention  (fig.  33  and  36;  both  pictures  made  from 
the  same  slide).  The  gradual  upgrowth  of  rods  from  small  to  large  size 
(shown  in  fig.  34)  is  equally  of  great  interest.  The  pale,  small  ovals, 
mentioned  above,  seem  to  be  able  to  assume  directly  the  qualities  of 
an  endospore,  able  to  reproduce  a  fairly  large  sporulating  rod.  This 
transformation  was  repeatedly  observed  with  our  cultures  No.  1  and  2. 

The  fungoid  cell  type  is  represented  by  figures  37  to  48  on  Plate  4. 
Figures  37  to  39  illustrate  that  this  irregular  cell  type  may  in  fact  assume 
distinctly  fungoid  appearance;  figure  11  on  PI.  1  deserves  also  renewed 
inspection.  Figures  37  and  38  picture  the  cells  most  frequent  and 
most  typical;  they  are  made  up  of  unstainable  slime  and  darkly  staining 
granules  of  nuclear  material.  Temporarily  this  slime  is  soluble  in  boil- 
ing water,  and  therefore  the  fungoid  type  of  growth  was  not  recognized 
as   such   in   our   preliminary   report    (28).     But  from    the   unstainable 
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granulated  slime  threads  of  the  dwarfed  cell  type  shown  in  figures  28  and 
29  on  Plate  3,  the  development  proceeds  over  the  steps  illustrated  by 
figures  37  to  39  on  Plate  4  further  to  a  very  stable  type  of  irregular, 
fungoid  growth,  which  ultimately  acquires  all  the  qualities  character- 
istic of  a  Mycobacterium.  Wedge-shaped  cells,  budding  and  branching, 
club  formation,  etc.  are  all  noticeable,  and  the  same  holds  true  concern- 
ing the  cultural  features  of  this  "genus".  The  clubs  again  are  no  "in- 
volution forms,"  but  steps  in  the  development  of  rods  with  terminal 
spores  (fig.  45).  Dwarfed  cells,  coccoid  forms,  rods  of  various  size,  as 
well  as  large  non-sporulating  globules  and  ovals  were  all  evolved  from  this 
type  of  growth,  as  illustrated  by  figures  40  to  48  (PL  4).  Cultivation 
on  potato  was  found  useful  for  stimulating  the  tendency  to  produce 
clubs  and  rudimentary  endospores.  Potato  agar  favored  again  the 
development  of  coccoid  forms.  In  water,  broth,  and  milk  branching 
was  very  pronounced,  but  continued  cultivation  in  milk  established  a 
growth  of  regular  spore-free,  slime-producing  rods.  Alkaline  mannite- 
nitrate  solution  and  agar  (PH  7.5)  proved  helpful  for  reestablishing  the 
typical  Azotobacter  growth.  It  is  especially  noteworthy  that  this  was 
secured  on  these  substrates  with  one  of  our  cultures  of  Azotobacter 
Beijerinckii  (No.  15)  which  had  grown  for  six  years  in  145  transfers 
on  practically  every  substrate  as  a  highly  pleomorphous  mycobacterium. 
It  had  been  plated  repeatedly,  strains  representing  the  dwarfed  growth, 
coccoid  growth,  sporulating  and  non-sporulating  rods  had  been  branched 
off,  until  ultimately  after  a  passage  on  potato  agar  (fig.  44)  the  restora- 
tion of  the  original  Azotobacter  type  was  effected  (fig.  47). 

The  typical  form  of  the  small  spore-free  rods  of  Azotobacter  chroococcum 
and  A.  Beijerinckii  is  shown  in  figures  49  and  50  on  Plate  5,  while  those 
of  A.  agile  and  A.  vitreum  are  usually  of  more  slender  shape,  similar  to 
that  type  of  growth  of  A.  chroococcum  visible  in  figure  51;  fairly  typical 
rods  of  A .  agile  are  also  to  be  found  in  the  left  upper  corner  of  figure  60 
on  Plate  5.  All  these  rods  are  Gram-negative,  those  of  A.  chroococcum 
and  A.  Beijerinckii  immotile,  those  of  A.  agile  and  A.  vitreum  motile  by 
usually  three  polar  flagella.  It  should  be  noted  that  to  start  the 
cultures  reproduced  in  figures  49  and  50  the  same  inoculation  material 
was  used ;  the  difference  in  the  substrates  was  the  only  cause  of  the  very 
marked  difference  in  appearance.  A  comparison  of  figure  49  with  figure 
9  and  figure  24  will  demonstrate  the  gradual  changes  from  the  large  to 
the  small  non-sporulating  cells,  while  the  small  coccobacilli  in  figure  50 
should  be  compared  on  the  one  side  with  the  dwarf  eel  growth  shown  in 
figures  25  and  26  on  Plate  3  and  on  the  other  hand  with  the  short  rod 
forms  which  always  accompany  the  mycobacterium  type,  as  demonstrated 
in  figures  40  to  45  on  Plate  4.  The  larger  rod  form  producing  a  short 
branch,  which  is  visible  in  the  lower  right  corner  of  figure  50,  is  also  of 
interest  in  this  connection.  A  direct  transformation  from  the  original 
cultures  of  A.  chroococcum  and  A.  Beijerinckii  to  small  non-sporulating 
rods  was  recorded  only  three  times,  while  they  were  more  frequently 
derived  from  the  fungoid  growth  (nine  cases  observed).  A.  agile  and 
A.  -vitreum  behaved  differently;  several  changes  from  the  large  cells  to 
small  rods,  but  no  direct  transformation  from  the  fungoid  growth  could 
be  ascertained.  Figures  51  to  53  on  Plate  5  demonstrate  the  trans 
formation  from  the  short  non-sporulating  rods  to  coccoid  and  fun_ 
goid  growths,  the  latter  identical  with  that  of  figures  43  and  45  on 
Plate  4.     That  sporulating    bacilli    which   have   lost  their  ability   to 


408  Journal  of  Agricultural  Research         vol.  xxin,  no.  6 

produce  regular  endospores  may  display  a  very  similar  morphology  may 
be  derived  from  a  comparative  examination  of  figure  54  with  figures  5 1 
and  53.  Bacillus  pumilus,  shown  in  figure  54,  is  identical  with  the  sporu- 
lating  rod  form  of  A.  chroococcwm,  as  will  be  discussed  presently.  The 
return  from  the  small  rods  to  large  globular  cells  is  illustrated  by  figures 
55  to  57;  figure  58  pictures  the  transformation  into  the  typical  fungoid 
growth,  similar  to  that  of  figures  37  and  38  on  Plate  4,  and  in  figures  59 
and  60  the  simultaneous  upgrowth  of  small  and  large  rods  from  the 
symplasm  is  demonstrated,  figure  59  making  a  counterpart  to  figures  34 
and  35  on  Plate  3. 

The  small  sporulating  rods  are  of  special  interest  because,  when  the 
endosporulation  first  becomes  noticeable  in  an  Azotobacter  culture, 
nearly  always  these  small  rods,  not  the  large  sporulating  cells,  are  the 
first  ones  to  appear.  Referring  to  what  was  said  in  Part  I  (25,  p.  137, 139) 
about  the  transformation  of  terminal  regenerative  bodies  into  polar 
exospores  and  endospores,  it  is  evident  that  this  observation  is  in  full 
agreement  with  all  earlier  findings.  On  the  other  hand,  it  must  be 
pointed  out  that  these  rather  fragile,  Gram-negative,  slender  rods  with 
large  polar  spores  are  by  no  means  a  frequent  occurrence  in  our  labora- 
tories. To  discard  them  lightly  as  "contaminations"  would  be  entirely 
unjustified.  Identical  strains  were  isolated  from  various  Azotobacter 
cultures  in  Leipzig,  Washington,  D.  C,  Urbana,  111.;  and  a  culture 
recently  received  from  Vienna  gave  again  the  same  small  sporulating 
rod.  But  never  in  our  experience,  and  especially  not  in  any  one  of 
approximately  5,000  transfers  made  in  the  course  of  these  experiments, 
were  such  sporulating  small  rods  found  as  contaminations.  On  account 
of  their  weak  growth  we  even  lost  two  of  them  by  replating;  but  in  view 
of  this  experience  it  is  especially  interesting  that  in  old  Azotobacter 
cultures  kept  undisturbed  for  years  on  mannite-nitrate  agar  or  in  man- 
nite-nitrate  solution  just  these  small  sporulating  rods  were  the  only 
survivors.  Figure  62  on  Plate  6  shows  such  a  strain,  which  should  be 
compared  with  the  typical  picture  reproduced  as  figure  61.  Figures 
63,  71,  and  72,  on  the  other  hand,  illustrate  the  tendency  to  pass  over 
into  large  sporulating  rods.  That  transformations  from  small  to  large 
sporulating  cells  were  seen  occasionally  in  our  preliminary  experiments 
was  mentioned  before  (28,  p.  681).  But  as  the  first  appearance  of  these 
small  sporulating  rods  caused  considerable  surprise  in  191 2  (26),  so  it 
was  again  the  case  when  one  of  these  cultures  (No.  6),  after  having  dis- 
played a  very  constant  behavior,  ultimately  in  the  spring  of  1921,  when 
cultivated  on  alkaline  mannite-nitrate  agar,  reverted  to  the  large-cell 
type  and  assumed  gradually  all  the  characters  of  the  original  strain 
(No.  3),  from  which  it  had  been  branched  off  nine  years  before.  A 
tendency  to  change  to  the  fungoid  growth  is  noticeable  with  some  of  the 
cells  in  figures  64.  Figures  65  to  70  illustrate  certain  reproductive 
phases  to  be  discussed  on  the  following  pages. 

The  large  sporulating  cells  are  shown  in  figures  73,  74,  76,  and  77  on 
Plate  7  in  what  may  be  accepted  as  their  typical  appearance.  They  are 
motile  by  peritrichous  flagella  and  are  Gram-positive.  The  tendency  of 
the  threads,  very  common  in  the  cultures  of  this  type,  to  make  short, 
oval,  Gram-negative  cells  is  very  pronounced.  Figure  78  illustrates  the 
analogous  behavior  of  a  thread  in  a  spore-free  Azotobacter  culture.  In 
figure  75  many  branched  rods  and  threads  are  visible,  representing  the 
fungoid  type  of  the  large  rod  form,  which,  however,  could  not  be  sta- 
bilized, although  with  Bacillus  anthracis,  B.  subtilis,  and  B.  mycoides 
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positive  results  had  been  obtained  (25,  p.  62-64).  Figure  80  deserves 
special  attention  because  it  illustrates  a  mode  of  fission  which  has  been 
observed  by  very  few  authors  and  which  thus  far  has  never  been  photo- 
graphed. Large  round  bodies  appear,  which  later  split  on  their  diameter, 
beginning  in  the  center,  into  two  large,  comma-shaped  bacilli  so  char- 
acteristic of  B.  Megalerium  and  related  "species."  As  was  said  in  Part 
I  (25,  p.  125,  126),  Schroen  has  described  this  occurrence  more  than  30 
years  ago,  and  at  the  same  time  E-  Klein  and  Dowdeswell  made  analogous 
observations  with  Vibrio  cholerae.  The  small  non-sporulating  rod  forms 
of  Azotobacter  seem  to  act  occasionally  in  a  similar  manner.  In  figure 
55  on  Plate  5  an  intact  globule  is  visible  and  also  several  pairs  of  slightly 
curved,  plump  rods,  of  which  especially  those  located  near  the  upper 
edge  of  the  photograph  are  very  suggestive.  Figure  84  on  Plate  7  illus- 
trates the  return  to  the  normal  large  spore-free  cells  (after  passage  of  the 
symplastic  stage).  In  potato  cultures  this  reversion  occurred  most  fre- 
quently. The  cells  shown  in  figure  79  and  81  to  83  are  related  to  repro- 
ductive processes;  they  represent  various  types  of  gonidangia  and 
sporangia. 

2.— DIFFERENT   MODES   OF   REPRODUCTION 

All  types  of  bacterial  reproductive  organs  have  been  found  with  Azoto- 
bacter— namefy,  gonidia  and  gonidangia,  regenerative  bodies  (zygo- 
spores, etc.),  arthrospores,  microcysts,  endospores,  and  exospores.  It 
was  pointed  out  in  Part  I  {25,  p.  110-143)  that  all  these  organs  of  repro- 
duction are  fundamentally  not  so  different  as  might  be  assumed.  As 
the  pleomorphism  of  the  vegetative  bacterial  cells  finds  its  explanation 
in  the  varying  participation  of  nuclear  material  and  of  other  cell  elements 
in  cell  construction,  so  also  in  the  various  modes  of  reproduction  nuclear 
substances  always  play  the  dominant  role,  supported  to  a  smaller  or 
larger  extent  by  reserve  material,  cell  membrane,  etc.  When  the  nuclear 
material  is  accompanied  by  very  little  other  cell  elements,  gonidia  are 
produced.  More  reserve  material  and  a  more  or  less  durable  membrane 
characterize  the  regenerative  bodies  and  arthrospores.  When  the  whole 
cell  assumes  a  globular  or  oval  shape  and  thickens  its  membrane  a  micro- 
cyst  results,  while  the  contraction  of  most  of  the  cell  content  and  the 
formation  of  an  exceptionally  tough  membrane  leads  to  the  formation  of 
an  endospore,  or  of  an  exospore  if  the  growing  spore  buds  out  of  the 
mother  cell.  Gonidia  and  regenerative  bodies  may  multiply  as  such, 
producing  the  dwarfed  and  the  coccoid  growths  discussed  above ;  arthro- 
spores and  microcysts,  endospores  and  exospores  are  true  resting  forms, 
although  a  secondary  transformation  to  regenerative  bodies  or  to  gonidia 
was  also  observed  repeatedly  with  these  types  of  reproductive  organs. 
While  bacteria  of  the  usual  small  dimensions  as  a  rule  form  only  one  to 
two  to  four  gonidia  in  each  cell,  the  larger  cells,  for  which  the  term  goni- 
dangia was  introduced  in  Part  I  (25,  p.  121)  may  contain  a  much  larger 
number  or  in  their  place  two  to  three  or  more  endospores;  in  the  latter 
case  the  gonidangium  becomes  a  true  "sporangium." 

Figures  85  to  87  on  Plate  8  demonstrate  formation  and  liberation  of 
the  gonidia  by  normal  large  globular  Azotobacter  cells,  while  figure 
77  Plate  7  illustrates  the  analogous  process  with  the  large  threads 
of  the  large  sporulating  type.  A  comparison  of  figures  86  and  87  shows 
how  either  (in  the  latter  case)  the  nuclear  material  practically  alone 
may  persist  and  give  rise  to  the  dwarfed  growth  discussed  above,  or 
(in  the  former  case)  how  other  cell  elements  may  participate  in  the 
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regeneration  of  larger,  in  this  case  of  coccoid  cells.  (See  also  figure  5  on 
Plate  A  of  our  preliminary  paper,  (28)  where  both  processes  became 
visible  simultaneously,  and  figures  3  and  4  on  Plate  1  of  the  present  paper.) 
In  figure  77  on  Plate  7  the  two  granulated  threads  in  the  lower  left  part 
of  the  field  deserve  special  attention,  because  the  regular  arrangement 
of  the  unstained  gonidia  contained  therein  is  very  characteristic  of 
Azotobacter,  as  is  the  stainability  of  the  same  bodies  as  soon  as  they 
have  left  their  mother  cell.  (See  especially  the  dark  bodies  budding  from 
several  threads  in  figure  77  and  analogous  occurrences  photographed 
in  figure  60  on  Plate  5 .)  Other  types  of  budding,  as  well  as  the  transforma- 
tion of  regenerative  bodies  into  larger  cells,  are  pictured  in  figures 
13  to  16,  22  to  24  on  Plate  2.  Figure  65  on  Plate  6  demonstrates  the 
formation  of  gonidia  in  the  small  sporulating  cells,  and  also  their  develop- 
ment to  regenerative  bodies  and  to  endospores. 

Typical  gonidangia  of  Azotobacter  may  be  seen  in  figures  5  and  11 
of  Plate  1  and  in  figures  88  to  92  on  Plate  8,  those  of  the  sporulating  cell 
type  in  figures  79,  81,  and  82  on  Plate  7;  in  the  latter  case  the  swollen 
ovals  are  replacing  the  sporulating  cells,  while  in  the  two  former  instances 
the  globular,  branched,  or  spindle-shaped  cells  are  acting  as  true  sporan- 
gia. If  small  cells  swell  up  to  gonidangia  they  look  much  like  regular 
Azotobacter  cells  (fig.  20  on  PI.  2  and  57,  on  PI.  5),  and  as  the  latter 
are  always  able  to  produce  numerous  gonidia,  it  seems  as  if  the  true 
physiological  reason  for  the  occurrence  of  this  developmental  stage 
lies  in  the  ability  of  these  cells  to  act  as  gonidangia.  The  peculiarity 
of  all  bacterial  gonidangia  to  assume  either  globular,  oval,  club-shaped, 
or  thread-like  forms  is  also  characteristic  of  the  large  spore-free  cells 
of  Azotobacter.  That  they  frequently  multiply  as  such  without  acting 
as  reproductive  organs  places  them  parallel  to  the  dwarfed  growth  (of 
the  gonidia)  and  to  the  coccoid  growth  (of  the  regenerative  bodies). 
Instead  of  gonidia  or  endospores  new  cells  of  normal  size  may  be  directly 
formed  within  these  large  receptacles.  Figures  6  on  Plate  A  and  21 
on  Plate  D  of  our  preliminary  paper  (28)  illustrated  such  cases;  similar 
preparates  are  shown  in  figures  90  to  92  and  94  on  Plate  8  of  the  present 
paper. 

The  fungoid  type  of  growth  was  shown  to  be  the  result  of  a  consolida- 
tion of  slime  threads  containing  numerous  gonidial  bodies.  Accordingly 
it  is  easy  to  understand  why  in  this  case  the  formation  of  arthrosoores 
is  very  common.  The  gonidia  simply  increase  somewhat  in  size  at  the 
cost  of  the  cell  and  surround  themselves  separately  with  cell  walls. 
Occasionally,  but  much  more  rarely,  normal  rods  or  threads  act  in  an 
analogous  manner.  Figures  51,  54,  and  55  on  Plate  5,  and  figure  66 
on  Plate  6  illustrate  the  arthrospore  formation  of  the  small  non- sporulat- 
ing and  sporulating  growth  types.  An  upgrowth  of  other  globular  cells 
from  the  encapsulated  symplasm  also  visible  in  figure  66  will  be  discussed 
later.  The  fragmentation  of  the  large  threads  shown  in  figure  78  on 
Plate  7  could  also  be  accepted  as  another  instance  of  arthrospore  forma- 
tion, but  as  the  globular  cells  produced  in  this  case  are  able  to  multiply 
as  such,  this  occurrence  is  to  be  considered  more  similar  to  that  pictured 
in  figure  21  on  Plate  D  of  our  preliminary  paper  (28)  and  mentioned 
above. 

Terminal  swellings — that  is,  regenerative  bodies  in  a  polar  position, 
but  still  inclosed  in  the  mother  cell — are  the  first  step  toward  the  forma- 
tion of  endospores,  as  was  fully  discussed  in  Part  I  (25)  and  frequently  con- 
firmed in  the  course  of  these  investigations.     Figures  45  and  46  on  Plate  4, 
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52  to  54  on  Plate  5,  as  well  as  figure  83  on  Plate  7,  represent  the  charac- 
acteristic  picture  of  cultures  inclined  to  begin  or  to  resume  endosporulation. 
Heating  of  such  strains  firstto  700  C.laterto  75°-90°  C,  provided  that  the 
tendency  to  produce  such  terminal  bodies  could  be  stabilized,  leads  even- 
tually to  the  production  of  typical  polar  endospores  or  exospores.  Nega- 
tive results  are  frequent  in  such  experiments,  but  they  do  not  disprove 
the  less  numerous  positive  ones.  As  was  pointed  out  before,  these  newly 
evolved  small  sporulating  strains  often  grow  very  slowly  and  weakly,  a 
fact  which  also  deserves  full  attention.  When  completely  developed,  the 
endospores  of  the  small-cell  type  withstood  95 °  C.  for  4  to  5  minutes,  980  C. 
for  1  minute,  and  those  of  the  large  rods  980  C.  for  2  to  4  minutes;  the 
germination  was  mostly  polar  in  both  cases.  Budding  exospores  were 
most  clearly  visible  with  the  large  sporulating  rods,  as  was  illustrated  by 
figure  20  on  Plate  D  of  our  preliminary  paper  {28).  The  spores  do  not 
always  germinate  directly;  sometimes  they  first  swell  up  to  fairly  large 
weakly  staining  ovals  which  are  indistinguishable  from  microcysts.  On 
the  other  hand  it  is  no  rare  occurrence,  especially  when  the  small  sporu- 
lating rods  are  cultivated  in  broth  or  milk,  that  the  normally  produced 
spores  do  not  germinate  but  reproduce,  either  by  budding  or  by  dividing, 
2  to  4  gonidia  or  regenerative  bodies,  which  again  may  multiply  as  such 
(fig.  70  on  PI.  6) .  As  was  pointed  out  in  Part  I  (25,  p.  141) ,  similar  observa- 
ions  were  made  before ;  they  demonstrate  anew  that  the  formation  of 
gonidia  is  in  fact  the  fundamental  mode  of  bacterial  reproduction. 

The  transformation  of  vegetative  cells  to  microcysts  is  most  conspicu- 
ous with  the  large-cell  types.  The  large  sporulating  rods  produce  weakly 
staining  ovals  (sometimes  discarded  as  "shadows")  which  germinate 
readily  to  darkly  staining,  short,  broad,  mostly  pointed  rods  (fig.  74  on 
PI.  7).  With  the  large  spore- free  cell  type  the  microcysts  are  equally 
common;  here  they  are  the  well-known  thick- walled  cells  of  globular, 
oval,  or  pointed  shape,  frequently  united  to  two  or  four,  whose  germina- 
tion was  carefully  studied  by  Prazmowski  (40)  and  others.  That  the 
germ  may  be  of  coccoid  or  of  threadlike  shape  is  illustrated  by  figures  93 
and  94  on  Plate  8.  With  the  small-cell  types  microcysts  are  less  con- 
spicuous. The  coccoids  are  either  thin- walled  or  thick- walled ;  in  the 
latter  case  they  may  act  as  microcysts.  With  the  dwarfed  growth  small 
pale  ovals  are  not  infrequent,  perhaps  a  counterpart  to  those  of  the  large 
sporulating  cells.  The  large  microcysts  of  the  spore-free  as  well  as  of  the 
sporulating  cell  type  were  found  to  be  able  to  become  gonidangia,  as  was 
to  be  expected. 

3. — Formation  of  the  sympeasm  and  the  regeneration  of  ceees 

In  figures  7  to  18  on  Plates  B  and  C  of  our  preliminary  paper  (28)  the 
gradual  dissolution  of  Azotobacter  cells  and  the  regeneration  of  various 
types  of  cells  was  first  illustrated.  Other  pictures  were  published  in 
Part  I  of  these  Studies  (25,  Pis.  XVIII  to  XXI),  here  together  with 
analogous  findings  of  other  authors.  On  Plate  9  of  the  present  paper 
some  additional  photographs  are  reproduced,  all  pertaining  to  the  sym- 
plastic  stage  of  Azotobacter.  Figures  21  (PI.  2),  33  to  36  (PI.  3),  38,  47, 
and  48  (PI.  4),  56,  59,  and  60  (PI.  5),  66,  71,  and  72  (PI.  6),  and  84  (PI.  7) 
are  also  of  interest  in  this  connection. 

All  growth  types  of  Azotobacter,  vegetative  as  well  as  reproductive 
cells,  were  seen  to  enter  the  symplastic  stage  regularly.  If  vigorously 
growing  vegetative  cells  were  transferred,  practically  without  exception 
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and  on  all  substrates  used  the  dissolution  took  place  after  10  to  20  days, 
and  about  a  week  later  the  regeneration  became  general.  If  old  material 
is  transferred,  typical  symplasm  or  regeneration  of  cells  may  be  seen,  of 
course,  from  the  start.  If  the  transfers  are  repeated  at  short  intervals 
the  characteristic  change  between  cellular  and  amorphous  stage  may 
occur  much  more  frequently.  For  instance,  transfers  were  made  from  a 
young  culture  of  normal  spore-free  Azotobacter  cells  on  mannite-nitrate 
agar  and  repeated  each  morning  and  each  evening  for  several  weeks. 
For  a  few  days  normal  development  took  place,  the  next  6  to  8  transfers 
gave  only  very  little  dewlike  transparent  slimy  growth  made  up  of  typical 
symplasm,  later  normal  development  became  again  visible,  and  so  on  in 
regular  alternation.  The  tubes  which  first  showed  only  symplasm  gave 
normal  growth  after  2  to  3  days'  delay,  while  with  transfers  made  from 
vegetative  cells  no  lag  was  noticeable  (25,  p.  i8g).  Occasionally  sym- 
plasm was  also  found  in  young  colonies.  On  the  other  hand,  cultures 
kept  without  change  in  mannite-nitrate  solution  for  several  years  ex- 
hibited the  regular  alternation  between  symplastic  and  cellular  stage 
quite  clearly  as  long  as  the  microscopic  tests  were  continued. 

As  was  described  in  our  preliminary  paper  {28),  the  newly  formed 
symplasm  may  be  either  homogeneous  and  not  stainable  with  aqueous 
dyes  or  of  a  more  or  less  hairy  structure  and  easily  stainable.  These 
differences  may  persist  until  the  new  cells  are  formed,  or  changes  from 
one  to  the  other  type  may  occur.  Amoeboid  motility,  recorded  by  sev- 
eral authors  (25,  p.  183),  was  never  observed,  but  strong  inner  move- 
ments in  the  amorphous  clumps  could  be  easily  seen  in  the  hanging 
drop.  Encapsulated  symplasm,  as  was  described  by  Lankester  in  1876 
(25,  p.  170),  was  only  found  in  very  few  instances  (in  some,  but  not  in 
all,  milk  cultures  of  the  small  sporulating  rods).  Figure  66  on  Plate  6 
shows  three  such  "macroplasts,"  as  they  were  called  by  the  British 
author,  intact  but  of  relatively  small  size  (most  of  them  were  twice  as 
large  as  those  photographed) ,  and  one  which  has  liberated  its  sarcina-like 
mass  of  small  globular  cells,  which  on  account  of  its  thickness  could  not 
be  properly  focused  in  the  picture.  The  streptococcus-like  chains  also 
visible  are  the  next  step  in  the  development  which  led  to  a  uniform 
coccoid  growth  of  typical  regenerative  bodies.  The  regenerative  units 
which  first  become  visible  in  the  symplasm  may  either  gradually  increase 
in  size,  as  illustrated  by  figures  98  to  100  on  Plate  9,  or  may  agglomerate 
to  full-sized  cells  (figs.  56  and  59  on  PI.  5;  fig.  84  on  PI.  7;  figs.  103  and 
106  on  PI.  9).  The  regeneration  of  small  sporulating  rods  is  shown  in 
figure  102;  it  should  be  compared  with  figure  15  on  Plate  C  of  our 
preliminary  paper  (28).  Figure  104  illustrates  the  possibility  of  the 
newly-formed  rods  growing  in  a  radiate  arrangement,  while  figure  105 
indicates  that  in  other  cases  the  new  cells  may  appear  along  and  parallel 
to  the  edges  of  the  lobes  of  the  symplasm.  If  the  lobes  are  torn  apart, 
as  easily  happens  in  making  a  preparate  of  such  growth,  a  picture  results 
which  very  closely  resembles  Bacillus  pediculatus  A.  Koch  et  Hosaeus, 
while  the  appearance  of  the  intact  symplasm  of  this  kind  is  very  similar 
to  B.  vermiformis  Ward  and  practically  identical  with  Newskia  ramosa 
Famintzin  (34,  pp.  53-55,  PI.  I).  There  is  no  doubt  that  a  thorough 
study  of  this  type  of  bacterial  development  will  release  these  species  and 
the  so-called  genus  Newskia  from  their  isolated  position  in  the  system  of 
bacteria.  The  bacteria  visible  at  the  edges  are  not  the  cause  of  the 
slime,  as  was  assumed,  but  it  is  the  (slimy)  symplasm  which  produces 
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these  cells  first  at  the  periphery,  later  also  in  the  center.  The  short  rods 
visible  in  figure  105  became  long  threads,  which  closely  followed  the  out- 
lines of  the  lobes  of  the  remaining  slime,  until  this  was  completely  con- 
verted. Irregular  spirochaetoid  cells,  similar  to  those  of  figure  12  on 
Plate  1,  are  shown  evolving  from  the  symplastic  stage  in  figure  107  on 
Plate  9.  And  in  figure  108  queer  whiplike  and  fungoid  forms  are  pre- 
sented which  are  fairly  frequent  in  old  potato  cultures  of  the  small-cell 
types  of  Azotobacter  as  well  as  of  Radiobacter.  They  often  assume 
much  larger  dimensions,  in  which  case  no  clear  photographic  picture  is 
obtainable  and  are  probably  identical  with  what  was  described  by 
Winkler  as  "filidia"  {25,  p.  175).  As,  however,  not  always  filiform  but 
often  very  irregular  forms  are  assumed  by  such  agglomerated  symplasm 
(fig.  21  on  PI.  2),  it  seems  recommendable  to  adopt  the  term  "sclerotia" 
for  these  comparatively  solid  formations.  They  are  no  "involution 
forms"  but  produce  either  by  fragmentation  or  by  a  second  passage 
through  the  symplastic  stage  cells  of  normal  shape.  The  term  "filidia," 
however,  may  be  properly  applied  to  those  more  or  less  solid  large 
threads  which  often  appear  temporarily  in  the  course  of  the  regeneration 
of  new  cells  from  the  symplasm.  Figures  33  and  36  on  Plate  3  illustrate 
this  possibility,  which  was  also  discussed  in  Part  I  (25,  p.  192). 

4. — Conjunction 

Conjunct  cells  were  regularly  observed  in  young  Azotobacter  cultures 
of  large  as  well  as  of  small-cell  types,  usually  when  2  to  4  days  old. 
In  older  cultures  the  process  may  repeat  itself,  after  new  cells  have 
emerged  from  the  symplastic  stage.  It  is  quite  evident  that  this  uniting 
of  two  or  more  cells  at  the  time  preceding  the  formation  of  gonidia,  of 
regenerative  bodies,  or  of  endospores  is  not  without  physiological  signifi- 
cance. Especially  convincing  in  this  respect  is  the  formation  of  regen- 
erative bodies  at  the  point  where  two  cells  united;  this  represents  the 
exact  counterpart  to  the  formation  of  zygospores  among  fungi  and 
algae.  Figure  30  on  Plate  3  and  figure  68  on  Plate  6  illustrate  this 
occurrence  very  clearly. 

The  various  modes  of  cell  union  described  in  Part  I  (25,  p.  197-203) 
as  characteristic  of  bacterial  conjunction,  including  that  of  free  endo- 
spores, were  all  observed  with  Azotobacter.  Pictures  of  lateral  con- 
nections and  bridges,  as  well  as  the  uniting  of  large  and  small  cells, 
were  demonstrated  by  figures  1  to  3  (PI.  A)  and  22  and  23  (PI.  D)  of 
our  preliminary  paper  (28).  Conjunction  by  bridges  and  by  beaks  are 
also  visible  in  figures  278  to  294  of  Part  I  (25);  and  figures  95  and  96 
on  Plate  8  of  the  present  paper  illustrate  a  mode  of  cell  union  which 
again,  as  the  making  of  bridges  and  beaks,  duplicates  in  a  striking  man- 
ner certain  copulative  processes  known  from  yeasts  (25,  p.  199).  That 
the  development  of  endospores  and  of  gonidangia  is  preceded  by  cell 
conjunction  is  fairly  clearly  indicated  by  the  pictures  shown  in  figures 
7  (PI.  1),  61  and  69  (PI.  6),  81  (PI.  7),  and  89  (PI.  8).  Especially 
spindle-shaped  and  triangular  gonidangia  are  probably  always  the  result 
of  the  uniting  of  two  or  three  cells.  They  are  produced  regularly  by 
the  large  sporulating  cell  type  as  well  as  by  the  fungoid  growth  of  Azo- 
tobacter, and  they  make  a  very  interesting  counterpart  to  analogous 
formations  observed  with  spirilla.  (Compare  especially  figure  12  on 
Plate  1  and  figure  81  on  Plate  7  of  this  paper  with  figures  86  and  87  on 
Plate  VIII  of  Part  I   {25).)     Undoubtedly  these  facts  would  deserve 
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more  detailed  investigation;  but  in  view  of  the  experimental  diffi- 
culties already  encountered  in  such  studies  with  the  comparatively  large 
yeasts,  the  outlook  is  not  very  promising. 

DIFFERENT  TYPES   OF  GROWTH   OF  AZOTOBACTER— COMPARISON 

WITH   OTHER  BACTERIA 

If  the  seven  cell  types  characteristic  of  the  life  cycle  of  Azotobacter 
are  separated  and  fully  stabilized,  they  naturally  exhibit  pronounced 
differences  in  physiological  and  especially  in  cultural  behavior.  But 
our  experiments  revealed  that  there  may  be  more  than  one  type  of 
growth  pertaining  to  one  type  of  cell  form,  due  to  different  pigmentation 
of  the  bacterial  growth.  The  large  nonsporulating  cells  may  grow  white, 
yellowish,  or  brown,  and  the  large  sporulating  cells  either  white,  or 
yellow,  or  brown;  but  in  these  two  cases  stabilization  of  the  differently 
colored  strains  remained  more  or  less  incomplete.  On  the  other  hand, 
the  coccoid,  the  dwarfed,  as  well  as  the  fungoid  growths  of  Azotobacter, 
may  show  white,  yellow-orange,  or  red  pigmentation;  and  all  these 
strains  could  be  brought  to  a  very  marked  stability.  The  small  non- 
sporulating rods  grew  usually  white,  more  rarely  yellow;  and  although 
the  small  sporulating  rods  did  not  exhibit  any  pronounced  pigmenta- 
tion, they,  too,  showed  differences  of  growth  which  thus  far  have  been 
accepted  as  sufficient  for  establishing  different  bacterial  "species." 
But  even  if  only  the  pronounced  and  fairly  constant  differences  in  pig- 
mentation are  taken  into  account,  we  are  confronted  by  the  truly  aston- 
ishing result  that  Azotobacter  may  present  itself  in  not  less  than  14 
types  of  growth,  all  so  different  from  each  other  that,  according  to  the 
customary  methods  of  defining  bacterial  species,  they  all  would  have 
to  be  accepted  as  separate  species  belonging  to  five  or  six  different 
genera. 

Before  entering  upon  the  characterization  of  these  different  types  of 
growth  of  Azotobacter  a  summary  may  be  given  in  Table  I,  showing  how 
often  each  type  of  growth  was  observed  in  our  experiments,  how  many 
transformations  were  effected  in  each  case,  and  in  what  direction  these 
transformations  took  place.  Most  of  the  dwarfed  type  strains  grew 
yellow;  therefore  all  of  them  are  listed  in  one  column. 

These  188  transformations  effected  among  approximately  2,000  trans- 
fers may  not  appear  very  impressive.  However,  several  points  have  to  be 
considered  in  this  respect  in  order  to  reach  a  fair  valuation  of  these 
results.  First,  it  has  to  be  kept  in  mind  that  under  the  microscope  the 
seven  different  cell  types  have  been  seen  in  all  cultures,  although  the 
number  of  cells  of  different  shape  was  frequently  not  large  enough  to 
permit  separation  by  plating.  Secondly,  it  frequently  happened  that 
when  plates  were  made  the  changed  cells  returned  to  the  original  type 
of  growth,  or  their  colonies  were  at  first  so  similar  to  the  others  that  they 
escaped  detection.  And  the  third  point  is  that  the  new  strains,  once 
established,  repeatedly  proved  themselves  very  persistent;  it  was  men- 
tioned above  that  retransformations  took  place  occasionally  not  before 
five  or  more  years  had  elapsed,  and  after  hundreds  of  transfers  had  been 
made.  It  might  be  assumed  that  single-cell  cultures  should  have  given 
better  results,  but  as  pointed  out  before  we  do  not  share  this  view. 

As  most  of  our  experiments  were  made  with  Azotobacter  chroococcum  and 
A.  Beijerinckii,  their  types  of  growth  will  always  be  discussed  first, 
and  then  the  differences  obtained  with  regard  to  A.  agile  and  A.  vitreum, 
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Table  I. — Types  of  growth  and  transformations  observed  in  strains  of  Azotobacter 
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I. — LARGE  NON-SPORULATING   CELLS 

In  another  paper,  published  in  1908  by  the  senior  author  together 
with  T.  Westermann  {30),  a  detailed  description  was  given  of  all  pecu- 
liarities of  the  large  Azotobacter  cells,  based  on  a  comparative  study  of 
21  strains,  to  which  only  few  additions  are  to  be  made.  The  observa- 
tions then  made  upon  the  tendency  of  Azotobacter  to  form  branched 
threads  and  to  grow  occasionally  as  a  yellow  or  as  a  white  sarcina  have 
now  found  their  explanation  in  the  discovery  of  the  fungoid  and  of  the 
coccoid  types  of  growth.  It  was  also  pointed  out  in  that  report  that  in 
several  respects,  especially  in  its  colony  formation  and  in  its  growth  on 
potato,  Azotobacter  may  exhibit  certain  traits  characteristic  of  sporulat- 
ing rods.  Numerous  confirmative  results  were  obtained  in  this  direction. 
Not  infrequently  the  colonies  on  mannite-nitrate  agar  did  not  show  the 
typical  coarse  dark  gray  granulation,  but  a  more  or  less  hairy  and 
brownish  structure,  indicative  of  the  tendency  to  develop  the  rod  form. 
The  change  from  whitish  to  yellowish  to  brown  growth  was  seen  with 
both  Azotobacter  chroococcum  and  A.  Beijerinckii.  In  1908  it  was  said 
that  probably  A.  Beijerinckii  should  be  classed  as  a  variety  of  A.  chroococ- 
cum; our  new  findings  prove  the  correctness  of  this  view.  Expecially 
a  white  strain  of  A.  chrooccoccum  (No.  10),  originally  isolated  by  Praz- 
mowski  (40),  behaved  exactly  like  A.  Beijerinckii.  And  several  typical 
strains  of  A.  chroococcum  kept  for  five  years  in  mannite-nitrate  solution 
assumed  the  same  character — that  is,  they  showed  now  little  inclination 
to  develop  the  typical  dark  brown  to  black  color  but  produced  a  light 
yellow  to  light  brown  slimy  growth.     On  the  other  hand,  typical  strains 
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of  A.  Beijerinckii  were  also  found  to  be  able  to  develop  a  dark  brown  or 
black  color  when  they  were  kept  for  several  months  in  tubes  containing 
mannite-nitrate  solution  and  partially  immersed  strips  of  filter  paper. 
Directly  above  the  solution  the  characteristic  thick  yellowish  to  brownish 
slime  was  always  noticeable,  but  at  the  upper  edge  of  the  paper  strips 
after  four  to  six  weeks  a  thin  dark  brown  to  black  growth  became  visible, 
and  the  microscopic  inspection  revealed  the  fact  that  the  cells  in  this  case 
were  much  more  solid  and  more  uniformly  stained  than  those  making  the 
more  slimy  light-colored  growth.  The  latter  are  always  granular  and 
only  partially  stainable,  as  is  characteristic  of  A.  Beijerinckii.  With 
A.  agile  analogous  observations  were  made.  The  slimy  growth  was 
again  of  light  brown  color  like  that  of  A.  Beijerinckii,  and  at  the  upper 
edge  of  the  paper  the  same  black  development  appeared  in  old  cultures. 
If  A .  agile  does  not  produce  its  characteristic  green  pigment,  as  frequently 
happens,  its  growth  is  hardly  distinguishable  from  that  of  A .  Beijerinckii; 
but  here  other  types  of  growth  as  well  as  slight  differences  in  morphology 
permit  a  clear  differentiation,  whereas  there  are  no  such  differences 
between  A.  Beijerinckii  and  A.  ckroococcum.  A.  vitreum  has  never  shown 
any  pigmentation  of  its  large  nonsporulating  cells,  which  practically 
always  retained  their  typical  *  globular  shape.  The  only  exception 
noticed  thus  far  was  discussed  in  another  paper  (26) ;  the  large  rodlike 
forms  seen  in  this  case  were  inclined  to  assume  endosporulation,  which 
could  not  be  fully  established,  however.  The  large  globular  cells  of 
A.  vitreum  leave  no  doubt  about  their  being  gonidangia  or  microcysts, 
and  their  behavior  and  appearance  is  very  similar  to  that  of  globular 
gonidangia  and  microcysts  of  A.  agile.  A  comparison  of  figure  6  on 
Plate  A  of  our  preliminary  communication  (28)  with  figure  94  on  Plate 
8  of  the  present  paper  may  illustrate  this  similarity.  These  large  cells 
are  Gram-negative,  as  is  typical  for  the  nonsporulating  large  cells  of 
A.  ckroococcum,  A.  Beijerinckii,  and  A.  agile,  but  the  somewhat  smaller 
globular  cells  of  A.  vitreum,  which  often  occur  in  sarcina  formation,  are 
Gram-positive.  In  this  as  well  as  in  all  other  respects  they  display  the 
character  of  the  coccoid  growth  common  to  all  Azotobacter  strains;  in 
fact,  with  all  of  the  latter  cultures  microscopic  pictures  were  obtained, 
especially  from  potato  agar,  which  looked  exactly  like  A.  vitreum.  In 
the  first  Azotobacter  paper  (50)  it  was  mentioned  that  a  white  sarcina 
was  grown  from  A.  agile,  as  was  a  yellow  sarcina  from  A.  Beijerinckii. 
No  explanation  could  be  given  at  that  time;  but  to-day  we  know  that 
it  was  the  regenerative  bodies  we  had  before  us,  and  we  are  now  also  able 
to  show  that  A.  vitreum  may  grow  in  other  types  equal  to  those  of 
A.  agile — that  is,  A.  vitreum  is  a  variety  of  A.  agile,  as  is  A.  Beijerinckii 
of  A.  ckroococcum.  Cultivation  of  the  large  nonsporulating  cells  in 
slightly  acid  mannite-nitrate  agar  (PH6.o)  always  gave  during  the  first 
two  weeks  good  typical  growth  with  strong  characteristic  pigmentation; 
in  older  cultures,  however,  the  tendency  to  produce  small  cells  became 
very  marked  and  was  repeatedly  used  to  great  advantage.  Potato  agar, 
on  the  other  hand,  favored  especially  the  coccoid  growth,  while  in  soil 
quick  changes  to  all  different  cell  types  were  observed  simultaneously. 

2. — COCCOID   GROWTH 

As  was  explained  before,  this  type  of  growth  results  when  regenera- 
tive bodies  cease  to  act  as  such  and  begin  to  multiply  by  fission  and  by 
budding.     It  is  self-evident  that  in  the  beginning  such  strains  are  often 
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very  unstable;  they  either  grow  up  to  large  cells  or  reproduce  rods  either 
by  germination  or  by  simple  stretching.  But  if  they  are  once  definitely- 
established  (cultivation  on  beef  or  on  potato  agar  proved  best  for  this 
purpose)  they  may  cling  tenaciously  to  their  now  micrococcus-like  habit 
of  growth.  White  growth  was  most  frequent  (Table  I,  p.  415),  yellow 
next,  and  pink  much  more  rare.  Changes  from  white  to  yellow  and 
from  yellow  to  pink  were  observed  in  some  cases,  in  full  agreement  with 
the  results  recorded  with  Micrococci  (25,  p.  31,  43).  As  A.  chroococcum 
as  well  as  A.  agile  produce  all  three  types  of  growth,  it  is  easily  under- 
stood why  these  differences  in  pigmentation  can  not  be  constant. 

The  white  coccoid  growth  is  very  similar  to  that  ascribed  to  Micro- 
coccus concentriais  Zimm.  On  agar  smooth  circular  colonies  are  formed, 
which  have  a  finely  granular  structure,  resembling  under  the  micro- 
scope very  much  those  of  the  Bacterium  pneumoniae  Friedl.  group, 
except  that  the  radiate  stripes  are  missing.  On  gelatine  they  are  dis- 
tinctly zoned  and  have  lobate  edges.  The  growth  on  beef  agar,  ^  as 
well  as  on  mannite-nitrate  agar,  is  varying  from  thin  dew-like  to  thick 
aerogenes-like  layers.  Gelatine  is  not  or  only  very  little  liquefied. 
Beef  broth  becomes  slightly  turbid  and  has  no  film  or  ring,  but  heavy 
sediment.  Milk  remains  unchanged,  brom-cresol-purple  is  slightly 
reduced;  occasionally  a  slow  peptonization  takes  place,  which,  however, 
was  always  accompanied  by  a  change  from  the  coccoid  to  the  fungoid 
cell  type.  On  potato  a  thick,  creamy  yellowish  grayish  brownish 
growth,  similar  to  that  of  Bacterium  aerogenes,  was  observed. 

The  yellow  coccoid  growth  differs  from  the  white  one  practically  only 
by  the  yellow  pigment  produced  in  the  cells  on  agar,  gelatine,  potato, 
etc.,  and  the  pink  growth  behaves  in  an  analogous  manner,  except  that 
the  growth  on  potato  was  always  very  scant  and  colorless.  Gelatine 
liquefaction  was  always  absent  or  very  moderate;  motility  was  never 
seen.  The  pink  cocci  gave  sometimes  a  brown  hue  to  gelatine  as  well 
as  to  potato  agar.  According  to  the  customary  diagnosis,  these  yellow 
and  pink  coccoids  would  have  to  take  their  places  close  to  Micrococcus 
sulfureus  Zimm.  emend.  Lehm.  et  Neum.  and  to  Micrococcus  roseus 
(Bumm)  Lehm.  et  Neum.,  respectively. 

Nitrogen  fixation  was  not  noticeable  with  these  coccoid  strains. 
That,  however,  occasionally  positive  results  may  be  obtained  is  proved 
by  the  fact  that  a  culture,  once  determined  as  Micrococcus  sulfureus 
var.  lardigradus  and  found  to  be  able  to  assimilate  free  nitrogen  vigor- 
ously (27),  has  shown  itself  to  have  been  the  vegetative  growth  of  the 
regenerative  bodies  of  a  yellow  large  sporulating  rod,  which  stands  very 
close  to  those  developed  from  Azotobacter. 

3. — DWARFED   GROWTH 

As  this  type  of  growth  is  the  result  of  the  vegetative  propagation  of 
the  gonidia,  it  is  always  at  the  beginning,  and  not  infrequently  for  a 
very  long  time,  rather  inconspicuous  and  easily  overlooked.  Very  small 
whitish  circular  colonies  of  about  >2-mm.  diameter,  of  finely  granular 
yellow  structure  in  the  center  and  of  white,  smooth  appearance  at  the 
edge,  are  most  typical.  If  the  growth  is  more  vigorous,  a  flaky  struc- 
ture may  become  visible  in  the  center,  as  with  Bacterium  septicaemiae 
haemorrhagicae  Hueppe  {18,  Table  iS,  VI).  It  often  took  two  weeks 
before  the  colonies  became  visible.  Transferred  to  agar,  the  growth  is 
again  frequently  very  thin  and  dewlike,  and  it  may  remain  so  on  all 
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substrates — that  is,  a  thin,  colorless  slime  appears  on  solid  media, 
while  milk  is  left  unchanged,  and  in  broth  as  well  as  in  mannite-nitrate 
solution  hardly  any  growth  becomes  noticeable.  More  frequently, 
however,  a  better  development  takes  place  after  a  while,  and  in  all 
cases  observed  by  us  this  better  growth  was  characterized  by  a  bright 
yellow  coloration,  with  the  exception  of  two  cases  where  later  a  red 
pigment  was  produced.  The  microscopical  aspect  and  the  other  cul- 
tural peculiarities  were  identical  in  both  cases.  As  no  such  bacterial 
growth  was  fully  described  before,  as  far  as  we  know,  the  necessary 
data  may  be  given  here. 

Morphology  (PL.  3).— Typical  Y  to  Yn  globular,  oval,  wedge-shaped,  or  rodlike 
cells,  single,  in  short  chains,  or  often  in  clumps,  after  two  to  four  weeks  mostly  small 
cocci,  Y  to  Yp-  Changes  to  small  rods,  to  coccoids,  and  especially  to  fungoid  growth 
were  frequently  observed;  occasionally  also  upgrowth  from  the  symplasm  to  large 
spore -free  and  to  large  sporulating  cells. 

Staining  after  Gram  was  mostly  negative;  only  in  some  cases  very  small  granules 
showed  a  positive  reaction,  while  the  rest  of  the  cells  remained  negative. 

Motility  was  mostly  absent,  only  when  Gram-positive  granules  were  present  the 
cells  developed  motility  by  one  polar  flagellum. 

Conjunction  was  frequent,  especially  in  two  days  old  cultures  on  salt  agar  and  in 
salt-broth.     Zygospores  were  formed. 

Gonidia  were  produced  after  the  cells  had  grown  up  to  full  size. 

Gonidangia  of  threadlike,  clubbed,  or  globular  shape,  the  latter  equal  to  normal 
Azotobacter  cells,  were  produced  especially  on  potato  agar,  on  potato,  in  milk,  and 
in  mannite-nitrate  solution.     Thin  needlelike  outgrowth  was  seen  occasionally. 

Regenerative  bodies  of  globular  shape  appeared,  as  a  rule,  after  2  to  3  weeks, 
especially  on  agar  and  on  potato. 

Microcysts. — The  small  globular  or  oval  cells  often  became  thick- walled  and 
germinated  later  to  small,  pale,  thin-walled  ovals. 

Endospores. — Pale,  small  ovals  were  seen  to  transform  themselves  in  toto  to  bright, 
heat-resistant  bodies,  which  gave  rise  to  typical  sporulating  rods. 

Symplasm. — Nearly  always  small  as  well  as  large  cells  developed  from  the  symplasm, 
the  former  always  and  in  much  greater  number  in  the  thinner  portions  close  to  the 
edge,  the  latter  in  smaller  number  in  the  inner  thicker  parts.  Filidia  and  sclerotia 
were  also  produced  occasionally,  the  latter  resembling  those  shown  in  figure  108  on 
Plate  9. 

Colonies. — On  beef  agar  and  on  mannite-nitrate  agar  circular,  ^  to  1  mm.  in 
diameter,  whitish  to  yellowish,  with  finely  granular  to  flaky  yellowish  structure, 
edge  white,  smooth.  Occasionally  larger,  more  slimy,  and  more  whitish  colonies 
were  formed  (changing  to  small  rod  type),  or  larger  yellow  circular  colonies  (changing 
to  coccoid  growth),  or  yellow  brownish  colonies  with  somewhat  irregular  edge 
(changing  to  fungoid  growth).  On  beef  gelatine  small  yellow,  dense  colonies  with 
smooth,  sharp  edges  were  formed;  gelatine  was  not  liquefied. 

Agar  slants. — On  beef  agar  and  on  potato  agar  a  flat,  bright  yellow,  especially 
greenish  yellow,  growth  with  somewhat  irregular  outlines  is  most  frequent.  Occa- 
sionally it  becomes  orange  or  yellow  brownish  (and  the  cells  become  in  these  cases 
fungoid).  On  mannite-nitrate  agar  the  growth  is  thinner  than  on  beef  agar,  often 
only  dew-like  and  transparent.  Phosphate  agar  gave  a  bright  greenish  yellow  growth. 
The  two  red  strains  turned  from  whitish  yellow  to  orange  and  later  to  brick  red; 
their  growth  remained  always  very  moderate. 

BEEF  gelatine  gave  only  meager,  thin  surface  growth,  transparent  or  yellow;  the 
gelatine  remained  either  firm  or  showed  after  three  to  four  weeks  a  little  bowl-shaped 
depression,  but  only  very  little  liquefaction. 

BEEF  broth  became  slightly  turbid,  contained  some  yellowish  (or  reddish)  sedi- 
ment; but  only  in  one  case  a  loose,  thin  yellow  film  and  a  thin  yellow  ring  were 
produced. 

Milk  remained  always  unchanged,  except  in  those  cases  where  the  cells  assumed 
fungoid  growth.  Some  yellow  (or  red)  sediment  was  always  noticeable;  occasionally 
also  on  the  surface  a  ring  and  a  few  flakes  of  the  same  color  appeared. 

Potato  gave  growth,  as  a  rule,  only  after  repeated  inoculation.  Then  a  little 
transparent  slime  appeared,  which  changed  with  well-growing  strains  to  a  fairly  thick 
greenish  yellow  (or  brick  red)  slimy  layer.  Occasionally  it  became  dull  and  dry 
(changing  to  fungoid  type),  or  remained  slimy,  but  turned  brown  (changing  to  large 
spore-free  cells). 
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Mannite-nitrate  solution  gave  mostly  only  very  little  growth;  it  showed  slight 
turbidity  and  some  yellow  sediment;  in  a  few  cases  the  solution  itself  became  dis- 
tinctly yellow. 

Nitrogen  fixation  was  not  noticeable  in  pure  cultures,  but  a  very  pronounced 
stimulating  effect  was  exerted  upon  the  formation  of  thick  floating  membranes  in 
mixed  cultures  (with  large  spore-free  as  well  as  with  fungoid  cells). 

Identical  transparent  and  yellow  strains  of  the  dwarfed  growth  were 
isolated  from  Azotobacter  chroococcum,  A.  Beijerinckii,  A.  agile,  and  A. 
vitreum.  The  two  atypical  cultures  of  red  pigmentation  came  from  one 
strain  of  A.  Beijerinckii,  while  two  other  strains  of  this  kind  did  not 
produce  such  growth.  It  can  be  safely  said,  therefore,  that  the  various 
Azotobacter  species  and  varieties  did  not  exhibit  any  difference  in  their 
dwarfed  growth.  Bacterium  antityphosum  Almquist,  discussed  in  Part  I 
(25,  p.  147),  is  equally  indistinguishable  from  our  dwarfed  Azotobacter 
growth  morphologically  as  well  as  culturally ;  only  the  agglutination  test 
would  permit  differentiation.  Furthermore,  one  culture  of  Bacillus 
pumilus  gave  us  a  very  similar,  although  very  weak  growth,  and  it  is  to 
be  expected  that  in  many  other  cases  analogous  results  will  be  obtained, 
as  soon  as  the  bacterial  gonidia  and  their  behavior  will  be  made  the  object 
of  adequate  studies. 

4.    FUNGOID   GROWTH 

As  was  discussed  above,  this  type  of  growth  is  closely  connected  with 
the  gonidial  development.  But  whereas  the  gonidia,  when  they  grow 
as  such,  become  similar  to  a  minute  yellow  Mycobacterium,  the  fungoid 
cells  in  the  majority  of  cases  grew  as  a  white,  fairly  large  Mycobacterium, 
which  displays  on  potato  a  very  characteristic  dry,  raised  growth  of  pink 
color.  Here  the  differentiation  of  Azotobacter  chroococcum  and  A.  Bei- 
jerinckii from  A.  agile  and  A.  vitreum  is  very  sharp.  Identical  strains 
of  the  white-pink  mycobacterium  were  isolated  from  practically  all  our 
cultures  of  A.  chroococcum  and  A.  Beijerinckii,  but  never  from  A.  agile 
or  A .  vitreum.  A  few  mycobacterium  cultures  of  yellow  or  orange  color 
were  branched  off  in  both  cases,  but  these  were  always  closely  connected 
with  the  yellow  dwarfed  growth  common  to  all  Azotobacter  strains. 
According  to  the  descriptions  given  by  Lehmann  and  Neumann  (18), 
Sohngen  (41),  and  Vierling  (43),  our  yellow  cultures  may  be  identified 
with  Mycobacterium  luteum  Sohngen,  and  the  orange  ones  with  Myco- 
bacterium lacticola  Lehm.  et  Neum. ;  but  we  have  also  to  confirm  Vier- 
ling's  findings  that  the  pigmentation  is  not  absolutely  stable.  Changes 
between  yellow  and  orange  were  observed  and  occasionally  also  a  tem- 
porary loss  of  pigmentation — that  is,  the  same  instabilities  as  were  found 
with  the  dwarfed  growth. 

The  white-pink  fungoid  growth,  characteristic  of  Azotobacter  chroococcum 
and  A.  Beijerinckii,  is  perhaps  identical  with  Mycobacterium  album 
Sohngen.  But  the  description  given  by  the  Dutch  author  (41)  is  too  short 
to  permit  a  definite  statement.  As  no  other  description  of  this  type  of 
growth  seems  to  have  been  published,  our  notes  may  find  a  place  here. 

Morphology  (Pl.  4). — Pale,  irregular,  slimy  sheaths  with  dark  granules  are  most 
common  on  mannite-nitrate  agar  and  in  mannite-nitrate  solution.  They  are  usually 
the  first  outgrowth  of  the  symplasm  and  assume  gradually  more  regular  shape  and  stain 
more  uniformly.  On  beef  agar  and  in  beef  broth  the  pleomorphism  typical  of  Mycobac- 
terium is  always  noticeable.  Figures  VI  and  XII  of  Table  69  and  Figure  X  of  Table 
70  in  Lehmann 's  and  Neumann's  atlas  (18)  could  have  been  made  from  our  slides. 
In  milk  especially  richly  branched  forms  were  seen;  but  continued  cultivation  in  milk 
saused  the  transformation  into  slime  producing  small  rods.  _  On  potato  the  inclination 
to  assume  endosporulation  was  very  pronounced,  while  cultivation  on  potato  agar  gave 
either  small  nonsporulating  rods  or  white  or  yellow  coccoid  growth.     In  soil  and  in 


420  Journal  of  Agricultural  Research  vol.  xxm.  No.  6 

mannite-nitrate  solution,  especially  with  PH  7-5,  the  tendency  to  reproduce  large 
nonsporulating  Azotobacter  cells  was  sometimes  very  marked,  and  transformations 
■were  effected  accordingly. 

Staining  after  Gram  was  always  positive. 

Motility  was  always  absent. 

Gonidia  are  often  liberated  in  great  numbers  especially  from  the  slimy  sheaths 
(fig.  40  on  PI.  4)  and  were  frequently  seen  to  grow  up  to  rods  or  to  pass  over  to  the 
yellow,  dwarfed  growth. 

Gonidangia. — The  large,  slimy  threads  containing  numerous  gonidia  may  be 
accepted  as  such.  In  addition  the  large,  globular  cells,  jjroduced  in  soil  and  in 
mannite-nitrate  solution,  which  later  grew  as  regular  Azotobacter,  are  typical  goni- 
dangia. Such  globules,  when  developed  from  the  symplastic  stage  on  potato  agar, 
quickly  dissolved  into  heaps  of  small  coccoid  cells  (regenerative  bodies). 

Regenerative  bodies  were  produced  regularly  in  lateral  or  in  terminal  position. 
The  former  were  seen  to  reproduce  small  spore-free  rods,  while  the  latter  were  inclined 
to  become  endospores. 

Arthrospores  and  microcysts  were  frequent  on  all  substrates,  but  most  abundant 
in  water. 

Endospores  were  developed  from  the  terminal  regenerative  bodies  in  five  cases. 
When  the  microscopic  picture  was  similar  to  that  shown  in  figure  45  on  Plate  4,  the 
material  was  heated  in  beef  broth  or  in  mannite-nitrate  solution  first  to  700  C,  later 
to  higher  temperatures  up  to  900  C,  and  from  successful  tests  cultures  were  made  on 
potato  and  on  beef  agar.  Heated  material  gave  at  first  development  intermediate 
between  normal  fungoid  growth  and  small  sporulating  rods.  Plating  and  repeated 
heating  permitted  final  separation. 

Symplasm  produced  very  manifold  growth  (Figs.  38,  47,  and  48  on  PI.  4,  Figs,  ioo, 
102,  and  107  on  PI.  9),  although  the  typical  pale,  irregular  sheaths  with  dark  granules 
appeared  most  frequent.  The  large  spore-free  cells  originated  always  from  the  sym- 
plasm. Irregular  sclcrotia,  like  those  reproduced  in  figure  108  on  Plate  9,  were  also 
found  with  this  type  of  growth. 

Colonies  on  mannite-nitrate  agar  and  on  beef  agar  were  in  the  beginning  smaller, 
but  otherwise  very  similar  to  regular  Azotobacter  colonies.  When  the  fungoid  growth 
was  more  firmly  established,  the  colonies  appeared  macroscopically  whitish,  fiat,  with 
raised  center  and  irregular  edge,  microscopically  brown  in  the  center,  of  hairy  struc- 
ture, with  thin,  transparent,  fringed  edge,  very  similar  to  Figure  X  of  Table  69  in 
Lehmann's  and  Neumann's  atlas  (18).  When  the  tendency  prevailed  to  assume  a 
more  regular  rod-shaped  growth,  the  colonies  became  circular  with  sharp  edge  and  fine 
granulation,  whereas  the  inclination  to  change  to  sporulating  rods  caused  the  appear- 
ance of  smaller  colonies  with  hairy  structure  and  irregular  moss-like  edge,  similar  to 
small  colonies  of  Bacillus  mesentericus . 

Agar  slants. — A  flat,  dry,  grayish  or  whitish  growth  with  thin,  irregular  edge  is 
typical  on  beef  aga  r  as  well  as  on  mannite-nitrate  agar.  Often  white  spots  are  scattered 
over  the  surface.  If  the  small  spore-free  rods  are  developing  a  thicker  slimy  white  or 
slightly  pink  growth  appears,  while  the  change  to  small  sporulating  rods  is  accompanied 
by  a  slightly  yellowish  color  of  the  layer,  which  may  show  a  few  wrinkles.  Potato  agar 
produced  a  thick  yellowish  pinkish  growth  with  yellow  secondary  colonies,  from  which 
a  pure  growth  of  yellow  coccoids  was  branched  off. 

Beef-gelatine. — Irregular,  thin,  grayish  or  pinkish  surface  growth,  little  develop- 
ment in  stab;  no  liquefaction. 

Beef  broth. — Uniform  turbidity,  loose  grayish  film,  whitish  ring,  heavy  slimy 
white  sediment. 

Milk  unchanged  during  the  first  days,  then  slowly  peptonized,  turning  brown, 
becoming  alkaline  and  very  slimy;  on  the  surface  often  a  brittle  film  and  a  whitish 
ring  are  visible.  After  repeated  transfers  from  milk  to  milk  the  peptonization  and 
brown  discoloration  ceased  and  the  milk  remained  neutral  and  became  very  ropy;  the 
cells  had  changed  from  the  fungoid  type  to  small  nonsporulating  rods. 

Potato. — Typical  raised,  dry,  pink  growth  with  irregular  surface  and  edge.  Rarely 
a  yellowish  grayish  brownish,  more  or  less  slimy  growth  was  produced;  in  these  cases 
the  irregular  cells  assumed  rod  shape. 

Mannite-nitrate  solution  became  slightly  acid,  remained  practically  clear;  on 
the  surface  a  thin  grayish  film  developed,  which  often  ascended  on  the  walls  of  the 
tubes  and  frequently  showed  the  white  dots  characteristic  of  the  growth  of  Azotobacter 
Beijerinckii;  on  the  paper  above  the  solution  a  thick  slime  developed,  which  later 
turned  brownish,  and  a  heavy,  white,  slimy  sediment  was  formed  in  the  solution. 

Nitrogen  fixation  by  pure  cultures  in  mannite  solution  was  not  noticeable,  but 
there  Avas  a  pronounced  tendency  to  produce  the  wrinkled  dotted  film,  characteristic 
of  crude  Azotobacter  cultures,  especially  when  the  fungoid  cells  grew  in  symbiosis 

with  the  dwarfed  cells. 
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The  characteristic  pink  growth  on  potato  reminded  the  senior  author 
that  some  strains  of  Bacterium  lactis  viscosum,  tested  by  him  in  1904  for 
nitrogen  fixation,  had  presented  a  very  similar  appearance  (23) .  One  of 
these  cultures  was  still  available,  as  was  another  strain  of  the  same 
organism,  isolated  in  1909  from  slimy  milk.  When  tested,  both  strains 
behaved  exactly  alike  and  appeared  very  similar  to  the  white  fungoid 
growth  of  Azotobacter.  Cell  morphology,  colony  formation,  the  char- 
acteristic growth  in  milk  and  on  potato  were  the  same  in  both  cases, 
and  it  was  on  account  of  these  observations  that  with  the  fungoid  Azoto- 
bacter strains  frequently  repeated  tests  in  milk  were  made  which,  as  was 
mentioned  above,  caused  indeed  a  transformation  to  slime-producing 
rods,  which  proved  to  be  identical  with  Bacterium  lactis  viscosum. 

5. — SMALL  NONSPORUI.ATING   RODS 

White  and  yellow  nonsporulating  rods  were  observed  with  all  four 
types  of  Azotobacter;  but  their  morphological  and  cultural  behavior 
allowed  a  clear  separation,  those  dervied  from  Azotobacter  chroococcum  and 
A.  Beijerinckii  being  sharply  differentiated  from  those  of  A.  agile  and 
A.  vitreum. 

The  white  slime-producing  small  rod  form  of  Azotobacter  chroococcum 
and  A.  Beijerinckii  exhibited  all  marks  of  Bacterium  lactis  viscosum 
(18,  p.  316;  23,  p.  587,  590).  A  transfer  from  Adametz's  original  culture, 
which  was  received  recently  from  Krai's  Museum,  differed  considerably 
from  the  older  descriptions,  including  that  published  by  Adametz  (/). 
The  rods  were  of  very  irregular  size  and  shape,  motile  by  peritrichous 
flagella;  they  produced  gas  from  mannite  and  various  sugars,  but  milk 
was  still  made  slimy.  They  also  gave  a  yellow  dwarfed  strain,  and  a 
yellow  as  well  as  an  orange  fungoid  growth  identical  to  that  of  A .  chroococ- 
cum. Furthermore,  large  globular  and  oval  cells  were  formed  quite 
readily  which  resembled  typical  Azotobacter  cells  very  closely  (fig.  48 
on  PI.  4  and  fig.  57  on  PI.  5).  That  Bacterium  lactis  viscosum  is  able  to 
fix  nitrogen  was  shown  before  by  the  senior  author  (23). 

The  yellow  nonsporulating  rods  developed  from  Azotobacter  chroococ- 
cum and  A.  Beijerinckii  were  practically  counterparts  to  the  white  rods, 
as  well  as  to  the  yellow  strains  branched  off  from  Bacterium  coli,  Bad. 
iyphosum,  etc.  (18,  p.  382;  25,  p.  57).  On  the  other  hand,  they  are 
directly  related  to  the  dwarfed  yellow  growth,  as  well  as  to  the  yellow 
fungoid  type,  from  which  they  were  developed  and  into  which  they  could 
be  transformed.  Some  strains  were  motile  by  polar  flagella,  others  were 
immotile;  all  were  Gram-negative.  They  liquefied  beef  gelatine  to  a 
varying  degree,  grew  on  beef  agar  as  a  slimy,  bright  yellow  layer,  made 
milk  alkaline  and  digested  it  partially,  and  produced  on  potato  a  thick, 
greenish  yellow  to  bright  yellow  to  yellow-brownish  slimy  growth.  The 
general  character  of  the  smallest  rods,  developed  from  the  dwarfed  growth, 
was  sometimes  very  similar  to  that  of  Bacterium  turcosum  (Zimm.) 
Lehm.  et  Neuni.,  while  the  larger  motile  or  immotile  yellow  rods  resem- 
bled more  those  strains  described  as  Bacterium  ochraceum  and  Bacterium 
fulvum  (Zimm.)  Lehm.  et  Neum. 

The  white  rods  observed  with  Azotobacter  agile  amd  A.  vitreum  either 
produced  fluorescence  or  left  the  color  of  the  substrate  unchanged  In 
both  cases,  however,  morphology,  flagellation,  reproductive  organs,  col- 
ony formation,  and  growth  on  the  various  media  were  those  of  a  Bacterium 
fltwrescens   which  did  not  liquefy  gelatine  or  only  weakly  (Bacterium 
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putidum  Lehm.  et  Neum.).  The  fluorescence,  when  it  appeared,  was 
mostly  weak  and  apparently  was  favored  by  a  slightly  acid  reaction  (as 
is  the  case  with  the  typical  A.  agile),  while  ammonia,  contrary  to  the 
usual  behavior  of  Bacterium  fluorescens,  remained  without  effect. 

The  yellow  rod  developed  from  the  dwarfed  growth  of  Azotobacter  agile 
retained  most  of  the  cultural  characteristics  of  its  origin ;  merely  the 
cell  form  was  at  least  temporarily  very  much  like  that  of  Bacterium  puti- 
dum, and  there  was  a  clear  tendency,  especially  in  broth  cultures,  to 
assume  endosporulation,  which,  however,  could  not  be  fully  stabilized  in 
this  case. 

Quite  different  from  the  white  rods  of  Azotobacter  chroococcum,  as  well 
as  of  A.  agile,  are  the  two  strains  received  from  Dr.  Mulvania  (No.  26 
and  27).  Both  produced  large  amounts  of  gas  and  displayed  in  every 
respect  the  cultural  characters  of  Aerobacter  (Coli-Aerogenes  group). 
However,  their  tendency  to  make  large  Azotobacterlike  cells  was  very 
marked,  and  therefore  we  did  not  feel  justified  to  discard  them  lightly 
as  "contaminations."  Undoubtedly  they  do  not  belong  to  the  life  cycle 
of  A.  chroococcum  or  A.  agile;  but,  as  Mulvania  (36),  too,  noticed  gas 
formation  in  his  Azotobacter  cultures,  there  remains  the  possibility,  or 
even  the  probability,  that  another  species  of  Azotobacter  exists,  which 
should  be  more  thoroughly  studied.  The  upgrowth  from  the  gonidia  to 
large  cells  was  very  similar  to  that  observed  with  other  Azotobacter 
strains  (fig.  10  on  PI.  1).  The  tendency  to  assimilate  free  nitrogen  has 
been  ascertained  with  several  members  of  the  Aerobacter  group  (24,  p. 
688). 

6. — SMALL  SPORULATING   RODS 

Aztobacter  vitreum  did  not  produce  any  sporulating  rods,  but  18  strains 
were  grown  from  A.  chroococcum,  A.  Beijerinckii,  and  A.  agile.  They 
again  proved  to  be  polymorphous,  and  equally  so  with  both  Azotobacter 
species.  Width  and  length  of  the  rods,  as  well  as  the  endospore  forma- 
tion, varied  considerably,  and  the  cultural  features  proved  to  be  equally 
unstable.  But  these  alterations  were  by  no  means  erratic;  in  fact,  there 
was  a  gradual  increase  in  the  size  of  the  rods,  a  progressive  change  from 
polar  to  central  sporulation,  and  a  simultaneous  passing  from  weak  to 
vigorous  growth.  The  smallest  rods  with  polar  spores  were  extremely 
fragile  and  little  inclined  to  grow  on  the  substrates  used.  Frequently 
reinoculation  became  necessary,  and  still  losses  occurred.  On  the  other 
hand,  when  left  undisturbed  on  the  same  substrate  they  remained  alive 
for  long  periods.  Two  of  these  strains  first  appeared  in  old  stock  cultures 
(26),  and  several  of  them  survived  when  kept  for  five  years  in  mannite 
solutions.  When  tested  at  the  end  of  this  period  in  beef  broth  and  in 
mannite-nitrate  solution  those  of  A.  chroococcum  and  A.  Beijerinckii 
grew  only  in  the  latter,  while  those  of  A.  agile  preferred  the  beef  broth. 

Morphologically  as  well  as  culturally  these  small,  weakly  growing, 
Gram-negative  rods  with  polar  spores  are  practically  identical  with 
Bacillus  terminalis  Mig.,  as  described  by  Lawrence  and  Ford  (10).  At 
first  it  seemed  as  if  those  of  the  chroococcum  type  could  be  clearly 
differentiated  from  the  agile  type  by  the  appearance  of  the  spores;  the 
latter  showing  ridges  similar  to  those  of  B.  asterosporus  (A.  Meyer)  Mig. 
But  the  cultural  character  was  distinctly  different  from  that  of  B.  astero- 
sporus and  very  similar  to  that  of  the  other  strains.  Ford  and  his 
collaborators  have  seen  similar  ridges  occasionally  upon  the  spores  of 
B.  brevis  Mig.,  B.  jusijormis  A.  M.  et  Gottheil,  and  of  related  forms, 
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and  it  is  also  our  experience  that  this  feature  is  rather  unstable  even  in 
B.  asterosporus,  as  is  proved  by  the  permanent  absence  of  ridged  star 
spores  in  the  original  culture,  obtained  from  the  New  York  Museum  of 
Natural  History. 

When  the  strains  show  a  somewhat  more  vigorous  growth  and  their 
cells  increase  in  size,  the  morphological  and  cultural  characters  become 
identical  to  those  of  Bacillus  fusiformis  A.  M.  et  Gottheil,  according  to 
the  descriptions  published  by  Gottheil  (12)  and  by  Lawrence  and  Ford 
(10),  with  the  exception  that  not  only  globular  spores  were  produced  but 
also  many  of  oval  shape.  Comparative  tests  made  with  a  culture  from 
the  New  York  Museum  gave  identical  results.  Only  on  potato  agar 
nearly  all  spores  were  globular,  and  these  showed  a  pronounced  inclination 
to  become  normal  regenerative  bodies.  Apparently  B.  centrosporus  Ford 
(17)  should  also  be  classed  as  a  variety  of  B.  fusiformis.  The  cultural 
marks  are  very  similar,  and  the  particular  form  of  the  rods  is  equally 
noticeable  with  otherwise  typical  B.  fusiformis  growth  (fig.  63  on  pi.  6). 

The  next  step  in  the  development  of  the  small  sporulating  rods  of 
Azotobacter  chroococcum  and  A.  Beijerinckii  proved  to  be  a  change  in 
cell  morphology  from  the  slender,  frequently  pointed  forms  of  Bacillus 
fusiformis  to  a  more  compact  appearance  with  rounded  or  square  ends, 
centrally  located  spores,  and  a  change  in  the  cultural  character  to  that  of 
Bacillus  pumilus  A.  M.  et  Gottheil.  Ford  was  unable  to  obtain  a  typical 
culture  of  this  strain,  and  the  one  we  received  from  Krai's  Museum  also  did 
not  fully  agree  with  Gottheil's  description;  it  displayed  in  several  respects, 
especially  on  potato,  unmistakably  the  characters  of  Bacillus  fusiformis, 
that  is,  while  our  cultures  gaining  in  size  and  vigor  of  growth  changed 
from  the  type  of  Bacillus  fusiformis  to  that  of  Bacillus  pumilus,  the 
weakened  stock  culture  of  the  original  isolation  had  followed  the  opposite 
course.  Bacillus  pumilus  in  its  typical  form  makes  a  very  characteristic 
grayish  pinkish  brownish  smooth  growth  on  potato,  well  known  to  the 
senior  author  from  numerous  isolations  made  under  his  direction  by 
Bierema  (6)  in  1908.  Two  of  these  cultures  were  still  at  our  disposal,  as 
was  also  one  culture  of  Bacillus  Freudenrcichii  (Miquel)  Mig.,  described 
by  the  senior  author  in  1905  (23,  p.  710)  and  later  recognized  as  closely 
related  to  Bacillus  pumilus  (6).  The  cultural  features  were  still  fairly 
similar  to  those  of  the  original  isolations,  but  the  spore-formation  had 
ceased  entirely,  and  the  cells  exhibited  clearly  a  mixture  of  fungoid  and 
small  rod-like  growth.  As  was  to  be  expected  from  these  findings  further 
testing  confirmed  that  this  fungoid  growth  of  Bacillus  pumilus  is  identical 
with  the  white-pink  Mycobacterium  developed  from  A.  chroococcum  and 
A.  Beijerinckii  as  well  as  from  Bacterium  lactis  viscosum.  It  was  not 
difficult  to  change  these  spore-free  strains  of  Bacillus  pumilus  and 
Bacillus  Freudenreichii  by  continued  cultivation  in  milk  into  typical 
strains  of  Bacterium  lactis  viscosum.  On  the  other  hand  we  have  not  yet 
succeeded  in  reestablishing  the  endosporulation,  which  once  was  very 
conspicuous  with  these  strains,  whose  purity  and  authenticity  are  be- 
yond doubt.  Successive  transfers  on  potato  and  heating  in  beef  broth 
up  to  85 °  C.  clearly  favored  the  return  to  a  more  typical  rod  form  (fig. 
58,  54,  and  46  on  Plates  5  and  4)  and  also  to  the  production  of  fairly 
resistant  zygospores  and  arthrospores.  But  a  complete  success  has  not 
been  reached  thus  far,  and  this  experience  makes  it  easy  to  understand 
why  analogous  tests  with  Azotobacter  have  been  and  are  so  often  failures. 

Still  somewhat  larger  than  Bacillus  pumilus  is  a  sporulating  rod 
which  was  developed  directly  from  the  dwarfed  growth  (No.  2  grown 
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repeatedly  from  No.  i).  A  very  similar  strain  was  received  from  the 
New  York  Museum  of  Natural  History  as  Azotobacter  chroococcum  (col- 
lection No.  522).  Another  subculture  received  from  the  same  source 
under  the  same  number  in  19 15  had  not  shown  endospore  formation 
but  grew  very  similarly  to  our  dwarfed  Azotobacter  strains.  It  died 
out  after  a  while,  and  therefore  we  can  not  decide  whether  the  sporu- 
lating  growth  later  received  from  New  York  was  a  legitimate  offspring 
or  a  contamination.  On  account  of  the  fact  that  the  analogous  change 
occurred  repeatedly  under  our  eyes,  the  former  possibility  seems  to  us 
more  probable.  The  New  York  strain  showed  all  features  of  B.  circulans 
Jordan  (17,  p.  519),  and  our  own  culture  (No.  2)  was  fairly  similar  ex- 
cept that  it  was  more  inclined  to  become  a  large  sporulating  rod  like 
those  which  we  still  have  to  discuss. 

The  small  sporulating  rods  of  Azotobacter  agile,  while  resembling  very 
closely  the  smallest  type  developed  from  A.  chroococcum  and  A. 
Beijerinckii,  did  not  show7  any  tendency  to  pass  over  to  the  Bacillus 
pumilus  type,  and  this  is  again  in  good  agreement  with  the  recorded 
absence  of  the  white-pink  fungoid  growth  in  the  cultures  of  A.  agile. 
In  cell  form  and  colony  type  these  sporulating  rods  first  remained  very 
close  to  those  of  the  small  spore-free  rods  of  A .  agile  (that  is,  Bacterium 
putidum) ;  later  however  they  did  not  exhibit  any  sharp  difference  from 
the  Bacillus  terminal-is- fusiformis  type.  They,  too,  could  be  trans- 
formed into  large  sporulating  rods. 

7.     LARGE   SPORULATING   RODS 

Here  again  Azotobacter  chroococcum,  A.  Beijerinckii,  and  A.  agile  pro- 
duced very  similar  growths.  The  strains  derived  from  the  first-named 
species  proved  to  be  identical,  morphologically  as  well  as  culturally,  with 
Bacillus petasites  A.  M.  etGottheil  (12),  while  those  obtained  from  A.  agile 
exhibited  more  the  character  of  B.  silvaticus  A.  M.  et  Neide  (37),  but  these 
differences  are  rather  inconspicuous.  An  old  stock  culture  of  B.  petasites 
received  from  New  York  was  somewhat  reduced  in  size,  but  otherwise  quite 
typical.  Like  all  strains  developed  from  our  Azotobacter  cultures,  it  grew 
on  beef  agar  either  white,  yellow,  or  brown.  These  three  types  of  growth 
are  not  constant  on  account  of  the  instability  of  the  cells  causing  the 
different  pigmentation.  The  typical,  very  large,  broad,  granulated  rods 
produce  the  characteristic  yellow  growth;  the  weakly  staining  oval  cysts, 
which  were  discussed  above,  make  a  whitish  grayish  layer;  and  in  the 
brownish  material,  which  also  may  give  a  brown  color  to  the  agar,  sporu- 
lating long  rods  and  threads  of  more  or  less  regular  shape  are  most  fre- 
quent (fig.  73,  74,  76,  and  77  on  Plate  7).  Temporarily,  of  course,  one 
or  the  other  mode  of  growth  may  predominate,  and  in  short-termed  tests 
such  cultures  are  liable  to  be  erroneously  classified  as  different  "species." 
Form,  color,  and  structure  of  the  colonies,  although  very  characteristic  in 
their  typical  development,  may  vary  considerably,  too.  Occasionally 
colonies  were  seen  which  macroscopically  as  well  as  microscopically  (low 
magnification)  were  indistinguishable  from  those  of  the  large  nonsporu- 
lating  cells  of  A.  chroococcum;  they  contained  nothing  but  spores. 

Illustrated  descriptions,  of  two  large,  sporulating,  nitrogen-fixing  or- 
ganisms (Bacillus  malabarensis,  and  B.  danicus),  which  were  published 
by  the  senior  author  some  years  ago  (27,  29,  jo)  can  now  be  accepted  as 
descriptions  of  the  large  sporulating  cell  type  of  Azotobacter.  A  re- 
newed thorough  study  of  our  stock  cultures  left  no  doubt  that  they  may 
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assume  the  character  of  this  organism,  as  was  already  indicated  in 
those  earlier  papers.  With  regard  to  B.  danicus  it  was  said  in  1908  that 
all  cell  forms  characteristic  of  Azotobacter  were  seen  except  the  sarcina 
form ;  with  the  help  of  our  newly  won  knowledge  this  could  now  be  easily 
developed  from  secondary  colonies  on  beef  agar.  The  curious  beet- 
shaped  large  cells  of  B.  malabarensis  can  now  also  be  identified  with  the 
gonidangia  of  the  sporulating  Azotobacter  strains,  and  that  the  original 
isolation  produced  in  mannite  solution  large  globular  spore-free  Azoto- 
bacter-like  cells  (27)  is  also  easily  understood  at  present. 

Bacillus  luteus  Baker  et  Smith  seems  to  be  identical  with  B.  petasites, 
according  to  the  detailed  description  published  by  Garbowski  (//).  The 
three  types  of  growth  (white,  yellow,  or  brown),  the  inclination  to  pro- 
duce in  secondary  colonies  yellow  spore-free  cells  (coccoids),  and  the 
various  cultural  marks  are  the  same  in  both  cases.  The  ability  to  fix 
free  nitrogen  is,  of  course,  variable;  B.  malabarensis  and  B.  danicus  were 
found  to  assimilate  1  to  2  mgm.  per  100  cc.  1  per  cent  mannite  soil 
extract. 

The  potato  cultures,  which  proved  most  helpful  for  reestablishing  the 
spore-free  typical  Azotobacter  growth,  gave  also  the  only  opportunity  to 
distinguish  with  some  accuracy  the  sporulating  strains  developed  from 
Azatobacter  chroococcum  and  A.  Beijerinckii  and  those  of  A.  agile.  For 
one  or  two  weeks  all  of  them  displayed  first  the  whitish  slimy,  later 
the  yellow  glossy  growth  characteristic  of  Bacillus  petasites;  but  then  the 
growth  became  distinctly  brown  when  derived  from  A.  chroococcum  or 
A.  Beijerinckii,  while  it  turned  gray  with  A.  agile  as  with  Bacillus  sil- 
vaticus.  However,  a  much  better  differentiation  was  secured  if  use  was 
made  of  the  conspicuous  inclination  of  these  potato  cultures  to  give  rise 
to  other  types  of  growth.  The  cultures  developed  from  A.  chroococcum 
and  A.  Beijerinckii  were  found  inclined  to  resume  the  character  of  B. 
pumilus,  or  transferred  to  beef  gelatine  they  even  went  back  to  the  very 
characteristic  white-pink  fungoid  growth,  while  those  of  A.  agile  returned 
on  beef  gelatine  to  the  white,  small  nonsporulating  nonliquefying  rod 
closely  related  to  Bacterium  puiidum.  Still  more  convincing,  although 
more  difficult  to  attain,  is  of  course  the  reestablishment  of  the  typical 
nonsporulating  large  cells;  continued  culture  on  potato  alternated  with 
transplants  to  alkaline  mannite-nitrate  agar  and  solution  gave  compara- 
tively the  most  satisfactory  results  in  this  respect. 

That  the  large  sporulating  rods  of  the  Megaterium  type  are  much  inclined 
to  become  smaller  and  to  assume  other  cultural  characters  was  often 
observed,  and  it  is  equally  well  known  that  stock  cultures  of  the  smaller 
sporulating  rods  not  infrequently  lose  their  ability  to  produce  endospores 
and  become  similar  to  Bacterium  coli  and  related  forms.  With  the  anae- 
robic nitrogen-fixing  bacilli  of  the  Amylobacter  group  these  changes  are 
even  more  frequent,  and  the  ability  of  these  organisms  to  produce 
aerobic  nonsporulating  coccoids  brings  them  into  closer  contact  with  the 
aerobic  nitrogen-fixing  bacilli  of  the  Azotobacter  group.  All  these 
relations  should   be  properly  considered  and  more  thoroughly  studied. 

DISCUSSION   OF  RESULTS 

The  observations  recorded  concerning  the  different  types  of  vegetative 
growth  and  of  reproduction  of  Azotobacter  permit  a  much  more  complete 
and  much  more  accurate  characterization  of  this  organism  than  has  been 
given  thus  far  to  any  other  genus  of  bacteria.     In  fact,  all  form  genera  of 
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bacteria,  as  created  by  Ferdinand  Cohn  and  his  successors,  have  become 
invalid  because,  in  accordance  with  earlier  observations  discussed  in 
Part  I  (25),  our  experiments  have  shown  that  Azotobacter,  like  certain 
other  natural  groups  of  bacteria,  is  able  to  grow  in  all  forms  which  were 
accepted  as  a  basis  for  establishing  the  so-called  genera  Micrococcus, 
Bacterium,  Pseudomonas,  Bacillus,  and  Mycobacterium.  Contrary  to  a 
very  widespread,  although  quite  illogical,  assumption  the  pleomorphism 
of  Azotobacter,  as  of  all  other  bacteria,  does  not  obscure  but  clarifies  and 
strengthens  the  character  of  the  genus  as  well  as  of  its  species.  While  a 
study  of  the  large  nonsporulating  cells  alone  made  it  probable  that 
Azotobacter  Beijerinckii  J.  G.  Lipman  might  be  a  variety  of  A .  chroococcum 
Beij.,  this  conclusion  has  been  made  certain  by  the  discovery  that  all 
other  types  of  growth  are  identical  in  both  cases.  A.  agile,  on  the  other 
hand,  exhibits  in  its  large  nonsporulating  cell  form  certain  features  which 
might  be  accepted  as  proof  that  it  should  be  classed  as  another  variety 
of  A.  chroococcum,  as  was  done,  for  example,  by  Prazmowski  (40) ;  yet  its 
small  nonsporulating  rod  form  and  its  fungoid  growth  are  so  different 
that  no  doubt  remains  about  its  being  a  true  species.  That  A .  Vinelandii 
J.  G.  Lipman  is  identical  with  A.  agile  Beij.  could  be  said  on  account  of  the 
identity  of  their  large  nonsporulating  cell  forms  (30),  and  all  other 
developmental  stages  have  now  shown  themselves  equally  identical. 
A.  vitreum  Lohnis,  in  its  large  nonsporulating  cell  type  apparently  quite 
different  from  the  other  species,  has  displayed  in  all  other  directions  so 
much  similarity  with  A.  agile  that  its  being  a  variety  of  this  species  is 
practically  certain,  although  this  conclusion  had  to  be  drawn  from  the 
results  obtained  with  the  only  strain  available. 

Three  other  Azotobacter  species  have  been  described  as  Azotobacter 
Woodstownii  J.  G.  Lipman  (22),  A.  Hilgardi  C.  B.  Lipman  (19),  and 
A.  Smyrnii  C.  B.  Lipman  et  Burgess  (20) ;  but  they  all  should  be  canceled. 
The  first  one  was  never  shown  to  be  able  to  fix  nitrogen,  and  its  charac- 
terization is  not  distinct  enough.  The  second  one  was  only  very 
incompletely  described.  According  to  information  kindly  furnished  by 
its  author  it  was  "very  similar"  to  A.  Smyrnii.  This  like  the  other 
is  no  longer  alive,  but  its  illustrated  description  (20)  leaves  no  doubt 
that  it  was  identical  with  the  sporulating  large  cell  form  of  A .  chroococcum . 
It  is  true  that  the  original  description  says  motility  and  spores  were 
lacking;  but  the  characterization  of  what  was  accepted  as  vegetative 
cells  makes  it  certain  that  only  spores  were  seen  and  photographed. 
Every  mark  ascribed  to  A.  Smyrnii  tallies  exactly  with  those  of  quickly 
sporulating  large  cells  of  A.  chroococcum  (Bacillus  petasites). 

The  ability  of  Azotobacter  to  produce  in  certain  stages  of  growth  genu- 
ine heat-resistant  endospores  was  accepted  by  the  senior  author  (26)  as 
proof  that  it  should  be  classed  as  Bacillus  azotobacter  among  the  sporu- 
lating bacilli.  But  after  our  more  recent  studies  have  shown  conclusively 
that  all  old  form  genera,  including  that  of  Bacillus  F.  Cohn  emend. 
Hueppe,  will  have  to  be  replaced  gradually  by  natural  genera,  based  on 
complete  investigation  of  their  life  histories,  it  appeared  preferable  to 
retain  and  to  emend  the  genus  Azotobacter  Beij.  by  adding  to  the  large 
nonsporulating  type  of  growth  the  six  other  growth  types  described  on 
the  preceding  pages. 

Contrary  to  our  observations  upon  endosporulation  in  Azotobacter 
cells  it  was  asserted  by  D.  H.  Jones  (16) ,  as  well  as  by  the  Committee  of  the 
Society  of  American  Bacteriologists  on  Characterization  and  Classifi- 
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cation  of  Bacterial  Types  (45)  that  Azotobacter  does  not  produce  heat- 
resistant  endospores.  As  an  analogous  assertion  had  been  made  by 
this  Committee  in  a  preliminary  report,  the  senior  author  pointed  out 
at  the  Annual  Meeting  of  the  Society  in  19 17  that  this  opinion  was  con- 
trary to  the  facts  recorded  by  him  in  19 14  and  19 16  (26,  28).  The 
final  report  of  the  committee,  however,  still  retains  the  statement  that 
Azotobacter  does  not  produce  heat-resistant  spores.  Jones'  assertion 
is  in  conflict  with  our  observations  and,  furthermore,  seems  to  be  con- 
tradicted by  his  own  data.  He  reports  (16,  p.  328)  that  some  of  his 
stock  cultures — 

produced  colonies  of  encapsulated  spore-forming  rods  both  large  and  small. 

Because  these  sporulating  rods  did  not  grow  like  Azotobacter,  he  con- 
cluded that  they  were  contaminations.  That  this  assumption  may 
have  been  correct  is  of  course  possible,  but  it  is  equally  possible  that  the 
facts  observed  are  further  proof  that  endosporulating  rods  may  be 
produced  by  Azotobacter.  We  tried  to  make  it  clear  in  our  first  paper 
on  this  subject  (26)  that  naturally  the  sporulating  cells  of  Azotobacter 
differ  in  their  growth  as  in  their  appearance  more  or  less  from  the  non- 
sporulating  cells,  but  that  the  possibility  to  change  them  back  to  the 
original  nonsporulating  form  proves  beyond  doubt  that  they  are  really 
a  type  of  growth  of  Azotobacter  and  no  "contamination."  To  assume 
that  morphologically  different  cells  should  display  the  same  physiological 
(cultural)  character  is,  of  course,  quite  illogical.  This  point  was  em- 
phasized in  the  following  statement  in  our  preliminary  paper  (28,  p. 690) : 

Such  wide  morphological  differences  must  always  be  connected  with  no  less  con- 
siderable alterations  of  the  whole  physiological  character,  so  that  these  other  types,  if 
they  are  known,  of  course,  are  stored  away  as  entirely  different  "species"  in  various 
remote  places  in  the  so-called  "system"  of  bacteria.  This  conclusion  can  be  drawn 
with  absolute  certainty  from  our  observations  on  B.  azotobacter  as  well  as  from  Henri's 
experiments  with  B.  anthracis.  If  only  those  changed  forms,  frequently  seen  in  all 
bacteriological  laboratories,  had  not  been  persistently  discarded  as  uninteresting 
"involution  forms"  or  as  "contaminations,"  the  whole  situation  would  undoubtedly 
be  much  clearer  and  much  more  satisfactory. 

Transformations  from  and  to  the  original  type  of  growth  alone  are 
decisive.  That  they  can  not  be  expected  in  short-termed  experiments 
conducted  along  the  customary  lines  of  bacteriological  research  is  amply 
proved  by  the  facts  recorded  in  this  and  in  the  first  part  of  our  Studies 
upon  the  Life  Cycles  of  the  Bacteria  (25).  Negative  results  based  upon 
such  experiments  are  not  conclusive. 

With  reference  to  the  question  of  conjunction  of  bacterial  cells,  Jones 
07,  P-  33o)  states— 

that  what  is  here  referred  to  as  conjunction  of  two  individual  cells  is  rather  the  incom- 
plete fission  of  individual  cells  in  process  of  division. 

That  there  were  "side  connections"  which  drew  our  attention  to  this 
point,  and  that  these  lateral  bridges  are  clearly  visible  in  our  photographs 
can  not  be  explained,  however,  upon  the  assumption  of  incomplete 
fission.  That  also  in  this  case  we  merely  rediscovered  a  fact  which 
should  long  have  found  its  place  in  the  bacteriological  text  books  was 
shown  beyond  doubt  by  the  data  we  were  able  to  collect  and  to  present 
in  Part  I  (25,  p.  197-204). 

That  pathogenic  bacteria — for  example,  the  causative  agents  of  bubonic 
plague,  anthrax,  cholera,  diphtheria,  etc. — are  just  as  pleomorphous  as 
Azotobacter,  Nitrosomonas,  Bacterium  radicicola,  etc.,  and  that  their 
25622—23 3 
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life  histories  follow  the  same  fundamental  lines  can  no  longer  be  denied, 
provided  that  the  facts  recorded  in  the  literature  are  taken  under  ade- 
quate consideration.  In  morphological,  as  well  as  in  physiological  respects, 
much  interesting  information  is  to  be  expected  from  such  investigations. 
As  was  frequently  noticed  in  bacteriological  tests  of  soils,  wherein 
usually  a  normal  growth  of  Azotobacter  is  to  be  observed,  this  organism 
may  be  temporarily  replaced  by  other  nitrogen-fixing  bacteria,  such  as 
Bacterium  lactis  viscosum  and  other  nonsporulating  rods,  various  large 
sporulating  bacilli,  some  micrococci,  etc.  The  possibility  that  different 
developmental  stages  of  the  same  organism  may  have  to  be  made  respon- 
sible for  such  changes  sheds  new  light  upon  the  very  great  ability  of  the 
bacteria  to  adapt  themselves  to  widely  varying  environmental  condi- 
tions. It  is  especially  noteworthy  that  the  life  cycle  of  Azotobacter  not 
only  unites  several  of  the  best-known  aerobic  nitrogen-  and  nitrate- 
assimilating  organisms,  but  also  strong  ammonia  producers  and  forms 
which  are  known  to  be  very  able  to  make  use  of  the  various  organic 
substances  of  the  soil,  first  of  all  of  the  humates,  namely,  several  myco- 
bacteria (41,  43). 

SUMMARY 

Tests  made  with  30  strains  of  Azotobacter  and  with  several  cultures  of 
related  bacteria  have  shown  that  only  two  species  of  Azotobacter  are 
completely  characterized  thus  far:  Azotobacter  chroococcum  and  A.  agile 
Beij.  (syn.  A.  Vinelandii  J.  G.  Lipman).  A.  Beijerinckii  J.  G.  Lipman 
is  a  variety  of  A.  chroococcum  and  A.  vitreum  Lohnis  is  probably  a  variety 
of  A.  agile.  A.  Smyrnii  C  .B.  Lipman  et  Burgess  can  not  be  accepted  as 
a  species;  according  to  all  marks  ascribed  to  it  by  its  authors  it  is  the 
large  sporulating  growth  type  of  A.  chroococcum.  A.  Hilgardi  C.  B. 
Lipman  and  A.  Woodstownii  J .  G.  Lipman  are  both  incompletely  described 
and  should  not  be  retained. 

The  genus  Azotobacter  is  characterized  by   the  morphological  and 
physiological    behavior   of   its    seven   different   cell    types.      These   are 
(1)  large  nonsporulating  globular,  oval,  or  rodlike  cells  of  white,  yellowish, 
or  brown  color,  with  polar  or  peritrichous  flagella,  able  to  act  as  gonidangia 
and  microcysts;  (2)  coccoid  cells  of  white,  yellow,  or  pink  pigmentation, 
the  vegetative  growth  of  the  regenerative  bodies,  identical  with  Micro- 
coccus concentricus  Zimm.,  Micrococcus  suljureus  Zimm.  emend.  Lehm.  et 
Neum.,  and  with  Microcococcus  roseus  (Bumm)  Lehm  et  Neum.,  respec- 
tively; (3)  dwarfed  cell  type  of  yellow,  white,  or  of  red  color,  the  vege- 
tative growth  of  the  gonidia;  (4)  irregular,  fungoid  cells,  producing  a 
yellow,  orange,  or  (in  the  case  of  A.  chroococcum  and  A.  Beijerinckii)  a 
white  or  pink  growth ;  the  former  two  are  closely  related  to  the  dwarfed 
growth   and   identical   with  Mycobacterium  luteum  Sohngen   and   with 
Mycobacterium  lacticola  Lehm.  et  Neum.,  respectively,  while  the  latter  is 
probably  identical  with  Mycobacterium  album  Sohngen;  (5)  small  non- 
sporulating rods  of  white  or  of  yellow  color,  the  former  being  identical 
with  Bacterium  lactis  viscosum  (Adametz)  Lehm.  et  Neum.  in  the  case 
of  A.   chroococcum   and  A.  Beijerinckii,  but   with  Bacterium   putidum 
(Fliigge)  Lehm.  et  Neum.  in  the  case  of  A.  agile  and  A.  vitreum;  (6)  small 
sporulating  rods,  identical  with  Bacillus  tcrminalis  Mig.,  Bacillus  fusi- 
jormis  A.  M.  et  Gottheil,  and  in  the  case  of  A.  chroococcum  and  A.  Bei- 
jerinckii with  Bacillus  pumilus  A.  M.  et  Gottheil;  (7)  large  sporulating 
cells,  growing  white,  yellow,  and  brown,  identical  with  Bacillus  luteus 
Baker  et  Smith,  Bacillus  petasites  A.  M.  et  Gottheil,  Bacillus  malabarensis 
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Lohnis  et  Pillai  and  Bacillus  danicus  Lohnis  et  Westermann;  those 
grown  from  A.  agile  showed  some  marks  of  Bacillus  silvaticus  A.  M.  et 
Neide,  which,  however,  is  closely  related  to  Bacillus  luteus.  All'  cell 
types  were  transformed  into  each  other. 

The  reproductive  organs  of  Azotobacter  are  (1)  gonidia,  in  part  filter- 
able, produced  in  small  numbers,  one  to  four,  in  the  small  cells,  and  in 
larger  quantities  in  the  large  ones,  which  act  in  this  case  as  gonidangia; 
(2)  regenerative  bodies  and  exospores,  either  produced  by  the  cells  in 
lateral  or  in  terminal  position,  or  growing  up  from  the  symplasm;  (3) 
arthrospores,  formed  by  fragmentation  of  the  rod-like  or  fungoid  cells; 
(4)  microcysts,  that  is,  small  or  large  globular  or  oval  resting  cells;  (5) 
endospores,  produced  singly  by  the  rod-like  cells  in  terminal  or  in  central 
position,  or  to  two  or  more  in  globular  or  spindle-shaped  sporangia. 
Gonidia  form  the  basis  for  the  development  of  regenerative  bodies, 
arthrospores  and  endospores;  the  production  of  polar  regenerative 
bodies  always  preceded  the  establishment  of  endosporulation,  and  endo- 
spores were  found  to  be  able  to  reproduce  gonidia  and  regenerative  bodies. 

The  formation  of  the  symplasm  and  the  regeneration  of  new  cells 
from  this  more  or  less  amorphous  substance  of  varying  stainability 
proceeds  with  Azotobacter  in  the  same  manner  as  with  all  other  bacteria. 
Amoeboid  movement  of  symplasm  was  never  observed,  but  strong  inner 
movements  were  seen,  and  occasionally  globular  macrocysts  were  found 
which  are  analogous  to  the  macroplasts  discovered  by  Lankester.  Be- 
sides normal  cells,  relatively  solid  agglomerations  of  more  or  less  irregular 
shape  were  produced  by  the  symplasm,  so-called  sclerotia,  which  later 
either  transformed  themselves  to  vegetative  or  reproductive  cells  or 
reentered  the  symplastic  stage.  Large  "filidia,"  representing  another 
type  of  more  or  less  irregular  and  ephemeric  upgrowth  from  the  sym- 
plasm, were  also  observed. 

Conjunction  was  regularly  seen  in  young  cultures  before  the  formation 
of  gonidia,  regenerative  bodies,  and  of  exospores  and  endospores  took 
place.  Part  of  the  regenerative  bodies  are  clearly  zygospores.  The 
cell  union  is  either  temporary,  effected  by  connecting  beaks,  bridges,  or 
by  direct  contact  of  two  or  more  cells,  or  permanent  due  either  to  a 
sticking  together  of  two  uniform  cells,  which  retain  their  identity,  or  to 
a  coalescence  of  two  cells  of  more  or  less  different  appearance.  These 
various  modes  of  conjunction,  observed  with  Azotobacter  as  with  other 
bacteria,  resemble  very  closely  those  recorded  with  yeasts  and  with 
protozoa. 

The  fact  that  the  different  developmental  stages  of  Azotobacter  could 
be  in  part  identified  with  certain  so-called  species  belonging  to  the 
form  genera  Micrococcus,  Bacterium,  Pseudomonas,  Bacillus,  and  Myco- 
bacterium demonstrates  anew  and  conclusively  that  the  whole  system 
of  bacteria  needs  complete  revision,  which  is  to  be  based  upon  the 
results  of  thorough  examination  of  the  life  histories  of  the  bacteria. 

Some  bacteriologists  will  be  inclined  to  explain  the  phenomena  re- 
ported in  this  paper  by  assuming  accidental  contaminations  of  the  cul- 
tures studied.  However,  careful  consideration  of  the  data  reported 
will  show  that  most  of  the  changes  shown  can  not  reasonably  be  ex- 
plained upon  the  hypothesis  of  contaminations  and  that  there  are  no 
changes  reported  where  the  reasons  that  might  be  imagined  for  the 
adoption  of  the  contamination  hypothesis  deserve  any  more  considera- 
tion than  the  reasons  advanced  for  considering  them  to  be  normal  changes 
in  the  life  cycle  of  Azotobacter. 
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Note. — All  preparates  (Plates  1-9)  were  stained  with   aqueous  fuchin.     Magnifi- 
cation in  all  cases  X900. 


PLATE  i 
Large  non-sporulating  cells. 

Fig.  i. — Large  cells  made  up  of  nuclear  material  and  slime.  Azotobacter  chroococcum 
(No.  24).     Mannite  soil  extract,  2  days. 

Fig.  2. — Large  globular,  oval,  and  rod-like  cells,  cells  of  medium  size  with  nuclei. 
A.  chroococcum  (No.  14).     Mannite-nitrate  solution,  5  days. 

Fig.  3. — Nuclei  of  cells  of  medium  size  liberated  making  small  cells.  A.  agile 
(No.  16).     Mannite-nitrate  agar,  6  weeks. 

Fig.  4. — Liberated  nuclear  material  making  regenerative  bodies.  A.  chroococcum 
(No.  22).     Mannite-nitrate  solution,  7  days. 

Fig.  5. — Large  cells  producing  gonidia  and  regenerative  bodies.  A.  chroococcum 
(No.  12).     Beef  agar,  3  weeks. 

Fig.  6. — Regenerative  bodies  produced  by  large  cells.  A.  chroococcum  (No.  18). 
Beef  agar,  5  days. 

Fig.  7. — Large  round  and  rod-like  cells.     A.  agile  (No.  16c).     Beef  agar,  2  days. 

Fig.  8. — Typical  mixture  of  large  and  medium-sized  cells.  A .  chroococcum  (No.  11). 
Mannite-nitrate  agar,  1  week. 

Fig.  9. — Typical  mixture  of  medium-sized  and  small  cells  in  old  culture.  A.  agile 
(No.  16).     Mannite-nitrate  agar,  11  months. 

Fig.  10.— Upgrowth  from  small  to  large  cells.  A.  sp.  (No.  26).  Mannite-nitrate 
solution,  5  days. 

Fig.  11. — Liberation  of  gonidia  from  regular  and  irregular  cells.  A.  chroococcum 
(No.  22).     Mannite-nitrate  solution,  5  weeks. 

Fig.  12. — Spirochaetoid  forms,  branched  and  budding  cells.  A.  Beijerinckii  (No. 
13).     Beef  agar,  i>^  month. 
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PLATE  2 
Coccoid  cells. 

Fig.  13. — Gonidia  budding.  Azotobacler  chroococcum  (No.  24).  Mannite-nitrate 
solution,  1  day. 

Fig.  14. — Gonidia  growing  to  regenerative  bodies.  A.  chroococcu m  (No.  18).  Potato 
agar,  1  week. 

Fig.  15. — Small  regenerative  bodies  growing  from  large  pale  cells.  A .  chroococcum 
(No.  10).     Mannite-nitrate  agar,  6  days. 

Fig.  16. — Regenerative  bodies  multiplying  by  budding  and  fission.  A.  chroococcum 
(No.  25).     Mannite-nitrate  solution,  2  days. 

Fig.  17. — Typical  coccoid  growth.     A.  Beijerinckii  (No.  6).     Potato  agar,  3  weeks. 

Fig.  18. — Coccoid  cells  of  small  size.  A.  chroococcum  (No.  10).  Mannite-nitrate 
agar,  4  weeks. 

Fig.  19. — Upgrowth  from  small  to  large  coccoid  cells.  A.  chroococcum  (No.  19). 
Beef  agar,  10  days. 

Fig.  20. — Regeneration  of  large  cells.     A.  agile  (No.  7).     Milk,  4  weeks. 

Fig.  21. — Coccoids  and  sclerotia  from  symplasm.  Bacillus  Freudenreichii  (No.  62). 
Beef  agar,  1  week. 

Fig.  22. — Coccoids  reproducing  small  rods.  A.  Beijerinckii  (No.  15).  Potato  agar, 
5  weeks. 

Fig.  23. — Coccoids  reproducing  small  sporulating  rods.  A.  chroococcum  (No.  19). 
Mannite-nitrate  solution,  5  days. 

Fig.  24. — Coccoids  reproducing  cells  of  different  size  and  shape.  A.  chroococcum 
(No.  25).     Potato,  4  days. 


PLATE  3 
Dwarfed  growth. 

Fig.  25. — Typical  gonidial  growth.     Azotobacter  Beijerinckei  (No.  6).     Beef  agar,  3 
weeks. 

Fig.  26. — Typical    gonidial    growth.     A.    chroococcum    (No.    17).     Mannite-nitrate 
agar,  5  days. 

Fig.  27. — Dwarfed  cells  producing  regenerative  bodies.     A.  chroococcum  (No.   1). 
Mannite-nitrate  agar,  2  weeks. 

Fig.  28. — Gonidia  and  slime,  beginning  formation  of  fungoid  cells.     A.  vitreum 
(No.  9).     Mannite-nitrate  agar,  5  days. 

Fig.  29. — Formation  of  fungoid  cells  from  gonidia.     A.  vitreum  (No.  9).     Mannite- 
nitrate  agar,  7  days. 

Fig.  30. — Dwarfed  cells  assuming  fungoid  growth.     A.  chroococcum  (No.  17).     Beef 
agar,  acid,  16  days. 

Fig.  31. — Gonidia  growing  to  small  non-sporulating  rods.     A.  chroococcum  (No.   1). 
Potato  agar,  7  weeks. 

Fig.  32. — Gonidia  growing  to  small  and  large  rods.     A.  chroococcum  (No.  1).     Beef 
agar,  n  days. 

Fig.  33. — Symplasm  reproducing  dwarfed  growth  and  large  slime  threads  (filidia). 
A.  chroococcum  (No.  1).     Potato  agar,  3  weeks. 

Fig.  34. — Dwarfed  growth  and  rods  of  different  size  from  symplasm.     A .  chroococcum 
(No.  1).     Mannite-nitrate  agar,  6  days. 

Fig-  35- — Upgrowth  of  large  rods  and  globules  from  dwarfed  growth.     A .  ch  roococcum 
(No.  1).     Beef  agar,  1 1  days. 

Fig.  36. — Development  of  dwarfed  cells,  large  globules,    and  branched  filidia  from 
symplasm.     A.  chroococcum  (No.  1).     Potato  agar,  3  weeks. 
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PLATE  4 

Fungoid  cell  type. 

Fig.  37. — Typical  fungoid  growth.  A.  Beijerinckii  (No.  15).  Mannite-nitrate  agar, 
5  days. 

Fig.  38. — Large  fungoid  growth.     A.  Beijerinckii  (No.  15).     Mannite-nitrate  agar, 

5  days- 
Fig.  39. — Large  fungoid  growth,  well  stained.  .4.  chroococcum  (No.  14).  Potato,  1 
week. 

Fig.  40. — Slime  threads  liberating  gonidia.  .1.  chroococcum  (No.  17).  Mannite- 
nitrate  agar,  5  days. 

Fig.  41. — Slime  threads  producing  gonidia  and  small  rods.  Bacterium  lactis  viscosum 
(No.  90).     Mannite-nitrate  agar,  2  days. 

Fig.  42. — From  fungoid  to  coccoid  and  rod  forms.  Bacterium  lactis  viscosum  (No.  90) . 
Potato,  4  weeks. 

Fig.  43. — From'  fungoid  growth  to  small  spore-free  rods.  A.  Beijerinckii  (No.  15). 
Beef  broth,  3  weeks. 

Fig.  44. — From  fungoid  to  coccoid  and  sporulating  growth.  A.  Beijerinckii  (No.  15). 
Potato  agar,  12  days. 

Fig.  45.— From  fungoid  growth  to  spore-free  and  sporulating  rod  forms.  A.  Beije- 
rinckii (No.  15).     Beef  broth,  4  weeks. 

Fig.  46. — From  fungoid  growth  to  sporulating  rods.  Bacillus  pumilus  (No.  61). 
Beef  broth,  heated  to  750  C,  1  week. 

Fig.  47. — Fungoid,  rod-like,  and  large  globular  cells  from  symplasm.  A.  Beijerinckii 
(No.  15).     Mannite-nitrate  solution,  2  weeks. 

Fig.  48. — Coccoid,  fungoid,  and  large  globular  cells  from  symplasm.  Bacterium  lactis 
viscosum  (No.  89b).     Beef  agar,  1  week. 


PLATE  5 
Small  non-sporulating  rods. 

Fig.  49. — Coccobacilli  derived  from  large  cells.  Azotobacfer  Bcijerinckii  (No.  15). 
Mannite-nitrate  agar,  7  days. 

Fig.  50. — Typical  coccobacilli.    A.  Beijerinckii  (No.  ij).     Beef  agar,  7  days. 

Fig.  51. — Small  rods  with  gonidia  and  regenerative  bodies.  A .  chroococcum  (No.  25) . 
Potato,  3  weeks. 

Fig.  52. — Tendency  to  make  longer  sporulating  rods.  A.  Beijerinckii  (No.  15). 
Potato,  6  days. 

Fig.  53. — From  small  rods  to  fungoid  and  sporulating  cells.  A .  Beijerinckii  (No.  15). 
Beef  broth,  4  weeks. 

Fig.  54. — Tendency  to  return  to  sporulation.  Bacillus  pumilus  (No.  60).  Beef 
gelatine,  7  days. 

Fig.  55. — From  small  rods  to  fungoid  and  globular  growth.  A.'vilreum  (No.  9). 
Salt  agar,  3  days. 

Fig.  56. — Small  rods  and  large  globules  growing  from  symplasm.  A.  agile  (No.  7c). 
Beef  agar,  3  weeks. 

Fig.  57. — Small  rods  producing  Azotobacter-like  gonidangia.  Bacterium  lactis  vis- 
cosum  (No.  89b).     Mannite-nitrate  agar,  1  week. 

Fig.  58. — Small  rods  assixming  fungoid  growth.  Bacillus  pumilus  (No.  61).  Milk, 
2  weeks. 

Fig.  59. — Small  and  large  rods  growing  from  symplasm.  A.  agile  (No.  7c).  Potato 
agar,  1  week. 

Fig.  60. — Small  and  large  rod-like  and  round  cells  growing  from  symplasm.  .4 .  agile 
(No.  1 6b).     Beef  agar,  1  week. 
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PLATE  6 
Small  sporulating  rods. 

Fig.  61. — Typical  sporulating  rods.     Azotobacter  Beijerinckii  (No.  5).     Beef  agar,  2 
days. 

Fig.  62. — Weakened  sporulating  rods.    A.  agile  (No.  7).    Mannite-nitrate  solution, 
3  weeks. 

Fig.  63. — Larger  sporulating  rods.    A.  chroococcum  (No.  19).    Beef  agar,  10  days. 

Fig.  64. — Threads  producing  gonidia.    A.  Beijerinckii  (No.  5).    Milk,  2  months. 

Fig.   65. — Threads  producing  gonidia,   regenerative  bodies,   and  endospores.     A . 
Beijerinckii  (No.  6).     Beef  broth,  1  week. 

Fig.    66. — Arthrospore  formation;   encysted  symplasm,     A.    Beijerinckii   (No.    6). 
Milk,  7  weeks. 

Fig.  67. — Rods  producing  gonidia  and  regenerative  bodies.    A.  Beijerinckii  (No.  6). 
Mannite-nitrate  solution,  2  weeks. 

Fig.  68. — Conjunction  and  zygospore  formation.    A.  Beijerinckii  (No.  6).    Mannite- 
nitrate  solution,  2  weeks. 

Fig.  69. — Formation  of  gonidangia  and  regenerative  bodies.    A.  Beijerinckii  (No.  6). 
Mannite-nitrate  agar,  4  weeks. 

Fig.  70. — Spores  producing  regenerative  bodies.    A.  Beijerinckii  (No.  6).    Beef  agar, 
a  weeks. 

Fig.  71. — Upgrowth  to  large  sporulating  rods.     A.  Beijerinckii  (No.  6).     Mannite- 
nitrate  agar,  PH  8.0,  3  weeks. 

Fig.  72. — Development  to  large  sporulating  rods.    A.  Beijerinckii  (No.  6).    Mannite- 
nitrate  agar,  PH  7.5,  4  weeks. 


PLATE  7 

Large  speculating  cells. 

Fig-  73- — Typical  large  sporulating  cells.     Azotobactcr  Beijerinckii  (No.  3).  Potato, 
2  weeks. 
Fig.  74. — Microcysts  and  vegetative  rods. — A.   chroococcum  (No.   25).     Beef  agar, 

1  week. 

Fig.  75. — Branched  rods  and  threads.     .4.  Beijerinckii  (No.  3).     Beef  agar,  12  days. 
Fig.  76. — Threads  with  different  segments.     A.   Beijerinckii  (No.  4).     Beef  agar, 

2  weeks. 

Fig.  77. — Threads  with  gonidia  and  regenerative  bodies.  A.  Beijerinckii  (No.  3). 
Beef  agar,  5  days. 

Fig.  78. — Thread  segmenting  to  globular  cells.  A.  chroococcum  (No.  18).  Mannite 
soil  extract,  3  weeks. 

Fig.  79.— Globular  sporangia  producing  1  to  3  spores.  Bacillus  danicus  (No.  34). 
Mannite-nitrate  agar,  2  weeks. 

Fig.  80. — Globular  cells  dividing  to  2  curved  rods.  A .  chroococcum  (No.  20).  Potato, 
1  week. 

Fig.  81. — Branched  sporangia.     .4.    ckrococcum    (No.     25).     Mannite-nitrate   agar, 

3  weeks. 

Fig.  82. — Sporulation  replaced  by  gonidangia  formation.  .4.  chroococcum  (No.  20). 
Potato,  1  week. 

Fig.  83. — Beginning endosporulation  of  large  rods.  .4.  agile  (No.  16c).  Beef  agar, 
3  days. 

Fig.  84. — Regeneration  of  large  globular  cells  from  symplasm.  A.  chroococcum 
(No.  25).     Potato,  1  week. 
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PLATE  8 
Gonidangia;  conjunction. 

Fig.  85. — Typical  globular  gonidangia.  Azotobacter  chroococcum  (No.  22).  Beef 
agar,  3  weeks. 

Fig.  86. — Dissolution  of  gonidangia.  A.  chroococcum  (No.  22).  Beef  agar,  1 
week . 

Fig.  87. — Dissolution  of  gonidangia.  A.  Beijerinckii  (No.  4).  Mannite-nitrate 
agar,  9  days. 

Fig.  88. — Dissolution  of  gonidangia.  A.  chroococcum  (No.  12).  One  percent  salt- 
mannite-nitrate  agar,  4  days. 

Fig.  89. — Globular  and  threadlike  gonidangia;  also  conjunction.  A.  chroococcum 
(No.  10).     Mannite-nitrate  agar,  4  days. 

Fig.  90. — Regeneration  of  cells  in  gonidangium.  .4.  chroococcum  (No.  25).  Potato, 
4  days. 

Fig.  91. — Globular  and  threadlike  gonidangia;  also  microcysts.  A.  agile(No.  16c). 
Beef  agar,  2  weeks. 

Fig.  92. — Threadlike  gonidangia  producing  new  cells.  .4.  agile  (No.  16).  Potato 
agar,  1  week. 

Fig.  93. — Microcysts  germinating.  A.  agile  (No.  16).  Mannite-nitrate  agar,  2 
months. 

Fig.  94. — Microcysts  germinating,  also  liberating  gonidia.  A.  agile  (No.  7).  Potato 
agar,  1  week. 

Fig.  95. — Conjunction  and  fission.     A.  vitreum  (No.  9).     Potato,  4  days. 

Fig.  96. — -Same  as  figure  95. 


PLATE  9 
Symplasm. 

Fig.  97. — Formation  of  s/mplasm  by  regenerative  bodies.  -4.  chroococcum  (No.  23) 
Potato,  9  days. 

Fig.  98. — Regenerative  units  starting  to  grow.  A.  chroococcum  (No.  19).  Beef 
gelatine,  4  weeks. 

Fig.  99. — Regenerative  bodies  growing  from  symplasm.  A.  chroococcum(No.  25). 
Beef  agar,  4  weeks. 

Fig.  100. — Various  cell  forms  growing  from  symplasm.  A.  Beijerinckii  (No.  15). 
Mannite  soil  extract,  2  months. 

Fig.  101. — Branching  small  cells  growing  from  symplasm.  A.  chroococcum  (No.  1). 
Mannite-nitrate  solution,  5  days. 

Fig.  102. — Sporulating  small  rods  growing  from  symplasm.  A.  Beijerinckii  (No.  15). 
Mannite-nitrate  solution,  17  days. 

Fig.  103. — Beginning  formation  of  rods.  A.  vitreum  (No.  9).  Mannite-nitrate 
solution,  10  days. 

Fig.  104. — Radial  growth  of  rods  from  symplasm.  Bacillus  fusiformis  Gottheil 
(No.  149).     Beef  agar,  2  weeks. 

Fig.  105. — Tangential  growth  of  rods  from  symplasm.  A.  Beijerinckii  (No.  6). 
Mannite-nitrate  solution,  2  weeks. 

Fig.  106. — Formation  of  new  cells  by  agglomeration  of  regenerative  units.  A .  chroo- 
coccum (No.  22).     Mannite  soil  extract,  4  days. 

Fig.  107. — Formation  of  filidia  by  agglomeration.  A.  Beijerinckii  (No.  15).  Mannite 
soil  extract,  8  months. 

Fig.  108. — Formation    of    sclerotia.     A    chroococcum    (No.     19).     Potato,  4  weeks. 


\ 


Life   History  of  Azotobacter 


Plate  9 


J* 


97 


IT 


J*»V         **$ 


38 


S9 


■/-' 


100 


oft 


"IMft  W? 


9 


101 


^~ 


~  K 


*       J 


S 


j&**? 


102 


I 


103 


m& 


106 


107 


.^- J> 


108 


Journal  of  Agricultural   Research 


Washington,    D.  C. 


INFLUENCE    OF    FERTILIZERS    CONTAINING    BORAX 
ON  THE  GROWTH  AND  FRUITING  OF  COTTON1 

By  J.  J.  Skinner,  Biochemist,  Soil-Fertility  Investigations,  Bureau  of  Plant  Industry, 
and  F.  E.  Aujson,  Soil  Biochemist,  Fixed  Nitrogen  Research  Laboratory,  United 
States  Department  of  Agriculture 

The  injury  to  cotton  and  other  crops  during  the  season  of  1919  by 
fertilizers  containing  borax  led  to  considerable  experimentation,  and  a 
number  of  reports  have  been  made  recording  the  results  of  these  studies 
on  the  effect  of  borax  and  fertilizers  containing  borax  on  crops,  especially 
on  corn,  cotton,  and  potatoes.  The  extent  of  the  injury  to  cotton  and 
potatoes  in  19 19  is  described  by  Schreiner,  Brown,  Skinner,  and  Shapo- 
valov  (<?)2  in  a  report  published  in  1920.  Other  reports  on  the  injury  to 
cotton  have  been  made  by  Blackwell  and  Collings  (1)  and  Plummer  and 
Wolf  (7).  Conner  (4,  5)  first  investigated  the  effect  of  borax  on  plant 
growth ;  his  work  was  with  corn,  although  later  he  also  studied  its  effects 
on  several  other  plants.  Morse  has  reported  upon  the  effects  of  borax  in 
fertilizer  in  Maine  (6). 

In  order  to  study  the  matter  fully,  a  series  of  field  experiments  planned 
by  the  Office  of  Soil-Fertility  Investigations  of  the  Bureau  of  Plant 
Industry,  United  States  Department  of  Agriculture,  was  conducted  in 
1920  on  several  types  of  soil  and  on  several  crops.  Arrangements  were 
made  to  conduct  these  experiments  at  Presque  Isle,  Me.,  cooperatively 
with  the  Maine  Agricultural  Experiment  Station;  at  New  Brunswick, 
N.  J.,  cooperatively  with  the  New  Jersey  Agricultural  Experiment  Sta- 
tion; at  Muscle  Shoals,  Ala.,  cooperatively  with  the  Fixed  Nitrogen 
Research  Laboratory,  then  of  the  War  Department;  and  at  the  Arling- 
ton Experimental  Farm,  Va. 

Potatoes  were  grown  in  Maine,  potatoes  and  corn  in  New  Jersey,  cotton 
and  corn  in  Alabama,  and  potatoes,  corn,  Lima  beans,  snap  beans,  and 
cotton  at  the  Arlington  Experimental  Farm.  The  results  obtained  with 
potatoes  and  corn  in  New  Jersey  by  Blair  and  Brown  (2)  have  been  given 
in  a.  previous  publication  and  a  report  of  the  work  conducted  by  Brown  (j) 
with  potatoes  in  Maine  has  recently  appeared. 

In  the  present  article  the  results  obtained  with  cotton  at  Arlington 
Experimental  Farm,  Va.,  and  at  Muscle  Shoals,  Ala.,  are  presented. 
The  plan  of  the  experiment  involved  the  use  of  a  fertilizer  analyzing 
4  per  cent  NH3,  8  per  cent  P205,  and  4  per  cent  K20,  which  was  applied 
to  cotton  at  the  rate  of  1 ,000  pounds  per  acre.  This  fertilizer  was  made 
from  acid  phosphate,  muriate  of  potash,  sodium  nitrate,  ammonium 
sulphate,  and  cottonseed  meal.  The  fertilizer  free  from  borax  served 
as  a  control.  Borax  was  mixed  with  this  fertilizer  in  such  propor- 
tions as  to  make  the  applications  of  anhydrous  borax  5,  10,    and  20 

1  Accepted  for  publication  Aug.  24,  1921. 

*  Reference  is  made  by  uumber  (italic)  to  "  Literature  cited,"  p.  443. 
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pounds  per  acre.  In  order  to  determine  the  effect  of  the  rainfall  and 
weather  conditions  on  the  action  of  the  borax,  the  experiment  was 
repeated  at  both  places  several  times.  The  first  application  and  plant- 
ing were  made  early  in  June,  and  again  at  intervals  of  about  a  week. 
Six  of  these  tests  were  made  at  Arlington  and  six  at  Muscle  Shoals.  It 
was  realized  that  cotton  planted  at  as  late  a  date  as  this  would  not  fully 
mature  in  either  locality,  but  it  was  considered  desirable  to  have  some 
information  concerning  the  action  of  borax  on  this  crop,  although  the 
season  was  already  advanced.  The  injury  by  borax  has  been  shown  to 
be  principally  to  the  young  plant  and  in  the  early  period  of  its  growth. 
The  experiments  were  therefore  undertaken,  and  the  effects  on  germina- 
tion, on  growth,  and  on  boll  formation  were  noted  and  recorded. 

RESULTS  OBTAINED  AT  ARLINGTON,  VA. 

The  experiments  conducted  on  the  Arlington  Experimental  Farm  were 
on  a  rich.silty  loam  soil,  admirably  suited  for  truck  and  general  farm 
crops.     The  land  is  level  and  uniform  and  is  tile  drained. 

The  plan  of  the  experiments  involved  the  application  of  the  fertilizers 
in  the  seed  drill  and  by  broadcasting;  also  the  planting  of  the  seed  im- 
mediately after  applying  the  fertilizers  as  well  as  after  an  interval  of  a 
week.  A  single  row  132  feet  long  was  used  for  each  treatment.  To 
one-third  of  the  row,  44  feet,  the  fertilizer  was  applied  in  the  drill  and 
the  seed  was  planted  one  week  later.  This  is  shown  in  section  1  of 
Table  I.  In  section  2,  which  is  the  second  44-foot  length,  the  fertilizers 
were  applied  in  the  drill  as  in  section  1,  and  the  seed  was  planted  im- 
mediately. On  the  third  section  of  the  row  the  fertilizers  were  sown 
broadcast  and  the  seed  was  planted  immediately.  Where  the  fertilizer 
was  put  in  the  drill  it  was  mixed  with  the  soil  by  raking  with  a  hoe  and 
was  covered  with  an  inch  or  two  of  dirt  before  the  seeds  were  planted. 
In  the  broadcasted  section  the  area  was  raked  to  mix  the  fertilizers. 
Each  treatment,  or  plot,  covered  an  area  of  1/270  acre.  The  cotton 
was  thinned  to  45  hills  per  plot  and  two  plants  in  each  hill.  Fertilizer 
analyzing  4  per  cent  NH3,  8  per  cent  P205,  and  4  per  cent  K20,  was  used 
and  applied  at  the  rate  of  1,000  pounds  per  acre.  In  one  row  the  fer- 
tilizer without  borax  was  used  as  a  control;  in  the  second  row  the  fer- 
tilizer containing  borax  in  sufficient  quantity  to  apply  5  pounds  of 
anh)'drous  borax  per  acre  was  used;  and  in  the  third  row  the  fertilizer 
contained  sufficient  borax  to  add  10  pounds  per  acre.  In  some  of  the 
tests  20  pounds  of  borax  per  acre  were  used.  In  order  to  determine  the 
influence  of  weather  conditions  on  the  effect  of  borax  on  cotton,  the 
experiments  were  repeated  six  times;  the  first  series  (A)  was  begun  on 
June  2,  the  second  (B)  on  June  9,  the  third  (C)  on  June  18,  the  fourth 
(D)  on  July  7,  the  fifth  (E)  on  July  15,  and  the  sixth  (F)  on  August  3. 
Notes  were  taken  during  the  summer,  and  the  plants  in  each  plot  were 
measured  for  height  when  several  weeks  old.  This  was  done  by  meas- 
uring a  large  number  of  plants  and  taking  the  average.  A  record  of  the 
number  of  bolls  and  squares  that  formed  was  made.  The  plants  were 
cut  on  October  1  and  the  green  weights  were  taken  and  recorded.  The 
complete  data  are  given  in  Table  I. 
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An  examination  of  the  data  given  in  Table  I  shows  generally  that  the 
growth  of  the  cotton  was  checked  and  the  fruiting  decreased  by  the 
borax.  The  degree  of  injury,  however,  varies  with  the  different  plant- 
ings and  with  the  different  methods  of  applying  the  fertilizers.  The 
germination  was  rather  irregular  where  20  pounds  of  borax  were  applied, 
and  when  the  cotton  was  young  some  died  in  spots.  Ten  pounds  had  a 
decided  effect  on  the  color  of  the  foliage  in  each  experiment.  Where 
borax  was  used  the  foliage  was  much  lighter  green. 

EFFECT   UNDER   DIFFERENT  METHODS   OF   APPLYING   FERTILIZERS 

In  section  3,  where  the  fertilizers  were  sown  broadcast  and  5  pounds 
of  borax  applied  per  acre,  no  injury  was  observed  in  series  A,  B,  and  C, 
and  only  a  slight  reduction  in  growth  in  series  D,  E,  and  F.  There 
was  only  a  slight  reduction  in  the  fruiting  of  the  plants.  With  10 
pounds  of  borax  there  was  a  decided  decrease  in  growth  and  in  the 
number  of  bolls  formed.  The  degree  of  harmfulness  produced  by  borax 
in  the  different  plantings  is  noticeable.  It  is  probably  due  to  weather 
conditions  to  be  considered  later.  Where  20  pounds  of  borax  were  used 
there  was  a  decided  harmful  effect.  In  series  C,  D,  E,  and  F  there  was  a 
reduction  in  growth  of  22,  35.2,  14.3,  and  23.5  per  cent,  respectively, 
and  a  reduction  in  boll  formation  of  10.2,  36,  and  11  per  cent  in  series  C, 
D,  and  E,  respectively.  In  section  2,  where  the  fertilizers  were  applied 
in  the  drill  and  the  seed  was  planted  immediately  afterwards,  the  harm- 
fulness  of  borax  when  10  or  20  pounds  per  acre  were  used  was  marked. 
The  growth  was  checked  more  in  section  2  than  where  the  fertilizers  were 
sown  broadcast.  Five  pounds  per  acre  reduced  growth  considerably  in 
series  E  and  F.  In  section  1,  where  the  planting  was  not  made  until 
one  week  after  the  fertilizers  were  applied  and  where  in  each  case  a  rain 
intervened,  the  harmfulness  of  the  borax  is  considerably  less  than  in 
sections  2  and  3,  except  in  series  D  and  E.  To  judge  from  the  data  as  a 
whole,  it  can  hardly  be  concluded  that  10  pounds  were  harmful  when 
applied  as  in  this  section  of  the  experiments. 

A  record  of  the  height  of  the  plants  made  when  the  crop  was  young 
shows  that  the  growth  was  checked  in  the  very  beginning  by  the  borax. 
In  plate  1,  A,  is  shown  the  effect  of  borax  on  the  young  plants  in  series  A. 
In  the  foreground  the  seed  was  planted  in  the  drill  immediately  after 
applying  the  fertilizer,  and  in  the  back  half  of  the  row  the  fertilizers  were 
sown  broadcast.  The  broken  stand  is  readily  discernible  in  the  row 
receiving  10  pounds  of  borax.  The  cotton  had  not  been  thinned  to  a 
stand  when  the  photograph  was  made.  The  young  plants  died  in  spots 
soon  after  emerging  to  the  surface.  In  plate  1,  B,  the  surviving  plants 
are  shown  after  having  made  considerable  growth.  It  is  seen  here  that 
the  10-pound  borax  row  is  much  smaller  than  the  control  and  the  5- 
pound  borox  row.  In  plate  2,  A,  is  shown  the  cotton  in  series  D.  Here 
the  broken  stand  in  the  last  row,  which  has  20  pounds  of  borax,  is  shown. 

INFLUENCE   OF   RAINFALL 

In  order  to  study  the  influence  of  rainfall  on  the  effect  of  borax  on 
the  crop,  the  weekly  record  of  the  rainfall  together  with  the  maximum 
and  minimum  temperature  at  the  Arlington  Experimental  Farm  during 
the  period  of  the  experiments  is  given  in  Table  II. 
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Table  II. — Temperature  and  rainfall  at  Arlington  Farm,  Va.,  June  to  September,  IQ20 


Rain- 
fall. 

Temperature.    ; 

Week  of— 

Rain- 
fall. 

Temperature. 

Week  of— 

Maxi- 
mum. 

Mini- 
mum. 

Maxi- 
mum 

Mini- 
mum. 

May  30  to  June  5 . .  . 

June    6  to  12 

June  13  to  19 

June  20  to  26 

June  27  to  July  3  .  .  . 

July     4  to  10 

July  11  to  17 

July  18  to  24 

July  25  to  31 

Inches. 
I.  19 
I.08 

.36 
1.68 
1.  96 

.62 

.41 
1.  19 

.80 

°F. 

90 

95 
93 
84 

94 
89 

9i 
95 
92 

•F. 

47  , 

51 
57  ; 

S*  ! 

57 

55 

63 

59 

53 

Aug.      1  to    7 

Aug.     8  to  14 

Aug.    15  to  21 

Aug.   22  to  28 

Aug.   29  to  Sept.  4.  . . 

Sept.    5  to  11 

Sept.  12  to  18 

Sept.  19  to  25 

Sept.  26  to  Oct.  2 .  .  . 

Inches. 
O.  71 

I-  13 

2-57 
.  29 

.  11 

2.  01 
.  01 
■03 

i-43 

°  F. 

87 

92 

91 
85 
90 

84 

87 
90 

88 

°  F. 

53 
66 
66 

62 

48 

52 

45 
44 
55 

Comparing  the  rainfall  record  at  or  about  the  time  the  fertilizers  were 
applied  in  the  various  experiments,  it  is  seen  that  the  moisture  conditions 
were  about  optimum  when  and  after  the  plantings  were  made  in  series 
A,  B,  and  C.  The  rainfall,  however,  was  very  light  during  the  weeks 
of  July  4  and  July  11  and  was  again  light  the  weeks  of  July  25  and  Au- 
gust 1.  The  effect  of  the  borax  in  experiments  D  and  K,  which  were 
planted  in  the  period  of  dry  weather,  is  more  severe  than  in  the  experi- 
ments which  were  planted  when  the  moisture  was  normal.  For  example, 
in  section  1,  20  pounds  of  borax  per  acre  reduced  the  growth  9.7  per  cent 
in  series  C,  47.5  per  cent  in  series  D,  and  19.2  per  cent  in  series  E.  In 
section  2,  the  growth  was  reduced  in  series  C  29  per  cent;  in  D  35.5  per 
cent,  and  in  E  36  per  cent.  In  section  3,  the  growth  was  reduced  22 
per  cent  in  series  C,  35.2  per  cent  in  D,  and  14.3  per  cent  in  E.  The 
formation  of  bolls  was  also  reduced  more  in  series  D  and  E  than  in  C. 
A  few  days  after  the  plantings  were  made  in  the  latter  experiments  a 
light  rain  fell,  which  was  followed  by  a  dry  period.  While  the  plants 
were  young  in  the  earlier  experiments  there  were  occasional  heavy  rains, 
and  at  no  time  did  the  soil  become  very  dry.  It  is  not  probable  that 
a  rainfall  of  1.08  to  1.68  inches  in  one  week  distributed  over  a  period 
of  several  days  would  wash  very  much  borax  out  of  the  reach  of  the 
roots  of  the  cotton.  However,  it  would  result  in  the  diffusion  of  the 
borax  through  the  soil,  and  this  diffusion  could  undoubtedly  account 
for  the  lesser  degree  of  injury  in  series  A,  B,  and  C.  Under  the  rainfall 
conditions  of  series  D  and  E  the  borax  was  concentrated  in  locations 
surrounding  the  roots  of  the  young  plants  and  would  naturally  cause 
a  more  severe  injury  and  a  greater  retardation  of  growth. 

The  data  as  a  whole  show  that  the  effect  of  borax  on  cotton  under 
the  weather  conditions  prevailing  at  the  time  of  this  test  is  decidedly 
harmful  when  20  pounds  per  acre  are  applied  in  the  drill  or  sown  broad- 
cast. This  quantity  showed  harmful  effects  whether  the  seed  was  planted 
immediately  after  the  fertilizers  were  applied  or  after  the  intervening 
of  a  light  rain.  When  applied  in  the  drill,  10  pounds  per  acre  checked 
growth  decidedly,  but  were  only  slightly  harmful  when  sown  broadcast. 
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RESULTS  OBTAINED  AT  MUSCLE  SHOALS,  ALA. 
PLANTINGS   ON   CLARKVILLE    LOAM 

The  experiments  at  Muscle  Shoals  were  made  on  soil  of  Clarkville 
loam,  located  on  a  gentle  slope,  and  well  drained.  The  soil  is  fairly 
retentive  of  moisture  and  does  not  become  compact.  The  plan  of  the 
experiments  differed  somewhat  from  that  at  the  Arlington  Experimental 
Farm  in  that  the  fertilizer  was  applied  only  in  the  drill  and  the  seed  was 
planted  immediately  as  in  section  2  of  the  Arlington  tests.  The  4-8-4 
fertilizer  was  used  at  the  same  rate  of  application  (1,000  pounds),  and 
borax  was  used  so  as  to  apply  5,  10,  and  20  pounds  of  anhydrous  borax 
per  acre.  Two  controls  in  which  no  fertilizer  was  used  were  added. 
One  row  100  feet  long  was  used  for  each  treatment,  which  makes  each 
plot  approximately  i/noacre.  The  test  was  repeated  six  times.  The 
first  was  started  June  12  and  the  others  followed  at  intervals  of  about 
one  week.  The  separate  plantings  are  designated  as  series  A,  B,  C,  D, 
E,  and  F.     Cleveland  Big  Boll  cotton  was  used. 

In  Table  III  are  given  the  data  for  this  set  of  plots,  including  the 
height  of  the  cotton  plants  at  intervals  during  growth,  the  number  of 
bolls  which  formed,  and  the  green  and  dry  weights  of  the  plants,  including 
the  roots. 

Table  III. — Effect  of  borax  in  fertilizers  on  the  growth  of  cotton,  on  Clarkville  loam  at 

Muscle  Shoals,  Ala.,  in  IQ20 


Experiment  series,  date  of 
starting,  and  Quantity  of 
borax  applied  per  acre. 


Average  height  of  plants. 


Series  A,  June  12: 

No  fertilizer .  . 

No  borax 

5  pounds 

10  pounds .  .  . . 

20  pounds. . .  . 
Series  B,  June  19: 

No  borax 

5  pounds 

10  pounds. . .  . 

20  pounds.  . .  . 
Series  C,  June  26: 

No  borax 

5  pounds 

10  pounds .  .  . 

20  pounds 
Series  D,  July  3: 

No  borax 

5  pounds 

10  pounds .  .  . 

20  pounds 

Series  E,  July  n: 

No  borax .... 

5  pounds .... 

10  pounds.  . .  . 

20  pounds .  .  . 
Series  F,  July  20: 

No  fertilizer. 

No  borax.  .  .  . 

5  pounds.  .  .  . 

10  pounds.  . .  . 

20  pounds .  .  . 


July  28.       Aug.  20.       Oct.  1 


Inches. 


12.  9 
9.6 

4.9 

12.  o 

10.5 

8.0 

6.9 

9.4 

6-3 
6.9 

5-° 

6.2 

5-2 
4.  1 

3-2 


Inches, 
12.3 

25-3 
21.8 

17-3 
13.2 

28.6 

25-7 
24.  1 

15-6 

18.  1 

15- * 

12.  9 

9.6 
16. 1 

12.  o 

7.2 

12.3 

"•5 
9.9 

8.4 

5-i 
10.  o 
8.9 
8.7 
7.6 


Inches. 
28.8 

45- S 
44.4 

42.  1 

32.6 

50.0 
43-3 
43- ° 
39- 1 

45-2 
40-S 
39-9 

3i-5 

42.  2 
41.  6 

32-9 
29-3 

36.8 
33-7 

3i-3 
26.  1 

9-5 
28.2 
29.  1 

25-7 
22.  4 


Bolls  on 
Oct.  26. 


Number. 

237 
667 

583 

45° 
242 

716 

563 
576 
383 

337 

220 

224 

97 

112 

94 
92 

53 

45 
48 
46 
14 

o 

5 
7 
4 

1 


welghTof  ^iT  weghtof 


plants. 


Pounds. 
31 
93 
86 

85 
44 

104 
84 
78 
63 

86 
78 

75 
43 

63 
62 

59 
39 

55 
56K 

5°K 
38 

5K 

46K 

47 
41 
35 


decrease. 


Per  cent. 


-  7-6 
-9.4 

-52-7 


-19.  2 

-25.0 
-39-4 


plants. 


•  9-3 
12.8 
50.0 


-  1.6 

-  6.4 

-38.1 


+  2.7 
-8.2 
-31.0 


4-  1.  o 
-11.  9 
-24.8 


Pounds. 
IO 

36  y 

33K 

32 

15 

40 
34K 
3lK 
25 

34  , 
28K 
26 

15 

25K 
24 
23 
13 

17K 
20 
20 
11 

1 

r5 
iS 
11 

8 
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Table  IV  records  the  weekly  rainfall  and  temperatures  at  Florence, 
Ala.,  2  miles  from  United  States  Nitrate  Plant  No.  2,  so  that  the  relation 
of  rainfall  to  the  degree  of  harmfulness  of  borax  in  the  different  series  of 
the  Muscle  Shoals  experiments  may  be  correlated. 

Table  IV. — Temperature  and  rainfall  at  Florence,  Ala.,  June  to  September,  IQ20 


Rain- 
fall. 

Temperature. 

Week  of— 

Rain- 
fall. 

Temperature. 

Week  of— 

Maxi- 
mum. 

Mini- 
mum. 

Maxi- 
mum. 

Mini- 
mum. 

Tune  6  to  12 

June  13  to  19 

June  20  to  26 

June  27  to  July  3.  .  . 
Tuly  4  to  10 

Inches. 
O 

•52 
•58 
.08 
.76 
.98 
I.50 
.06 

°F. 

97 
98 
92 

93 
94 

93 
98 

95 

°F. 
53 

56 
61 
62 
61 
63 
57 

August  I  to  7 

August  8  to  14 

August  15  to  21 

AugUSt  22  tO  28 

August  29  to  Septem- 
ber 4 

Inches. 
O 

5.IO 
4.46 

•59 

.42 

2.  17 

•32 

•54 
0 

0  F. 

94 
90 

9i 
9i 

96 
93 
93 
92 

92 

60 
66 
64 

56 

July  11  to  17 

July  18  to  24 

July  25  to  31 

6l 

September  5  to  1 1 .  .  . 
September  12  to  18.  . 
September  19  to  25 .  . 
September  26  to  Oc- 
tober 2 

55 
55 
55 

37 

From  the  results  of  series  A  it  will  be  observed  that  5  pounds  of  borax 
per  acre  produced  some  injury  to  cotton  when  applied  in  the  row. 
Larger  quantities  showed  even  greater  toxic  effects.  From  the  figures 
showing  the  average  height  of  plants  it  will  be  seen  that  the  injury  was 
the  greatest  when  the  plants  were  small.  A  marked  recovery  followed, 
but  the  initial  retarding  was  not  entirely  overcome.  The  green  weight 
of  plants  was  decreased  7.6  per  cent  by  5  pounds  of  borax  per  acre  and 
52.7  per  cent  by  20  pounds.  The  boll  formation  was  decreased  in  about 
the  same  proportion  or  to  an  even  greater  extent,  and  in  addition  ma- 
turity was  delayed.  The  cotton  in  series  A  was  planted  when  the  soil 
was  too  dry  to  germinate  the  seed.  On  June  18  a  light  shower  fell,  ap- 
proximately 0.34  of  an  inch,  which  was  sufficient  to  cause  germination, 
and  for  three  weeks  following  but  little  rain  fell.  As  seen  in  Table  IV, 
0.52  of  an  inch  of  rain  fell  the  week  of  June  13,  0.58  of  an  inch  the  week 
of  June  20,  and  0.08  of  an  inch  the  week  of  June  27.  The  season  for  the 
three  weeks  following  the  planting  of  the  cotton  in  series  A  was  rather 
dry. 

The  cotton  in  series  B  was  planted  just  subsequent  to  a  light  shower 
and  germinated  in  minimum  time.  The  rainfall  during  the  early  period 
of  growth  was  rather  light.  In  the  first  week  after  planting  0.58  of  an 
inch  of  rain  fell,  the  second  week  0.08  of  an  inch,  and  the  third  week 
0.76  inch.  The  growth  was  about  the  same  as  in  series  A,  except  that 
in  series  B,  5  pounds  of  borax  caused  a  relatively  greater  injury  and  20 
pounds  less  injury  than  in  series  A.  The  same  general  tendency  pre- 
vailed, however,  and  the  same  visible  effects  on  the  young  plants  were 
in  evidence.  The  retarding  effects  of  the  borax  continued  throughout 
the  growing  season. 

At  the  time  of  planting  series  C  the  soil  was  very  moist,  but  for  more 
than  a  week  after  planting  no  rain  fell  and  the  soil  became  very  dry.     In 
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the  second  week  after  planting  0.76  of  an  inch  of  rain  fell,  which  thor- 
oughly moistened  the  ground.  The  amount  of  injury  produced  by  the 
different  quantities  of  borax  corresponded  very  closely  to  the  results  in 
series  B. 

The  planting  of  series  D  was  made  when  the  soil  was  very  dry,  and 
the  seed  did  not  germinate  immediately.  A  good  rain  occurred  about 
one  week  later,  and  about  0.76  of  an  inch  fell;  the  following  week  there 
was  0.98  of  an  inch  precipitation,  and  the  third  week  1.5  inches.  After 
the  germination  of  the  seed  there  was  more  rainfall,  and  the  soil  was  con- 
sequently more  moist  than  when  the  cotton  was  young  in  the  plots 
planted  earlier.  The  injuries  attributable  to  the  borax  were  scarcely  as 
extensive  in  this  series  as  on  the  plots  planted  earlier,  but  they  were  in 
the  same  order.  In  series  D  5  pounds  of  borax  reduced  the  green  weight 
1.6  per  cent,  10  pounds  6.4  per  cent,  and  20  pounds  38.1  per  cent.  In 
series  C  the  reduction  was,  respectively,  9.3,  12,8,  and  50  per  cent;  in 
series  B,  19.2,  25,  and  39.4  per  cent;  and  in  A,  7.6,  9.4,  and  52.7  per  cent. 

In  series  E  the  cotton  was  planted  when  the  soil  was  moist  and  in 
good  tilth.  Several  days  after  planting  0.98  of  an  inch  of  rain  fell,  which 
was  followed  by  a  period  of  one  week  without  rain.  This  period  was  fol- 
lowed by  several  days  of  rain,  and,  as  seen  in  Table  IV,  during  the  week 
beginning  July  18  1.5  inches  of  rain  fell.  The  toxic  effects  were  not  as 
marked  as  on  the  plots  planted  earlier.  There  was  a  slight  stimulation 
where  5  pounds  of  borax  per  acre  were  used,  10  pounds  reduced  the 
growth  2.7  per  cent,  and  20  pounds  31  per  cent. 

Series  F  was  planted  very  late,  and  growth  continued  only  about  two 
months.  The  data  are  given  in  the  table,  however,  and  it  will  be  seen 
that  the  effects  of  the  borax  were  of  about  the  same  magnitude  as  in 
series  E. 

In  Plate  3  the  effect  of  borax  is  shown  on  the  cotton  in  series  A,  planted 
June  12.  The  views  shown  at  A,  B,  and  C  were  photographed  on  July 
29,  August  8,  and  September  18,  respectively,  the  last  date  being  shortly 
before  the  plants  were  cut  and  weighed.  Plate  3,  A,  was  photographed 
before  the  cotton  was  thinned;  the  unbroken  stand  and  uneven  appear- 
ance of  the  row  receiving  20  pounds  of  borax  per  acre  is  shown. 

In  Plate  4,  A  and  B,  are  shown  the  effects  of  borax  in  series  D.  View  A 
of  Plate  4  was  photographed  on  August  23  and  B  on  September  18.  In 
Plate  4C,  the  cotton  in  series  F  is  shown. 

PLANTINGS  ON   COLBERT  SII/T  LOAM 

Other  experiments  with  cotton  were  begun  at  Muscle  Shoals,  Ala.,  simi- 
lar to  those  at  Arlington  Farm,  Va.,  and  to  those  in  New  Jersey  with 
potatoes  and  corn.  These  included  immediate  planting  of  seed  after 
applying  fertilizer,  delayed  planting,  and  broadcasting.  The  quantities 
of  borax  used  varied  from  1  to  400  pounds  per  acre.  Two  rows  70  feet 
long  were  used  for  each  treatment  on  the  Colbert  silt  loam,  which  is  a 
heavier  soil  than  the  Clark ville  loam.  The  fertilizers  were  applied  on 
May  10.  The  rainfall  for  the  month  prior  to  starting  the  experiments, 
and  for  a  like  period  afterwards,  was  exceedingly  heavy.  The  soil 
became  very  compact  from  the  excessive  rains,  resulting  in  a  very  poor 
stand  over  the  entire  area.  The  experiments  were  continued,  however, 
in  order  to  observe  the  effects  of  the  borax;  but  a  harvest  was  not  made, 
as  the  broken  stand  appeared  to  make  it  useless. 
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Borax  caused  the  greatest  injury  to  cotton  in  the  early  stages,  either 
preventing  germination  or  in  lesser  amounts  merely  retarding  growth  and 
preventing  chlorophyll  formation.  A  record  of  observations  made  three 
weeks  after  planting  is  given  in  Table  V. 

Table  V. — Effect  of  varying  quantities  of  borax  on  the  growth  of  cotton  on  Colbert  silt 

loam  at  Muscle  Shoals,  Ala.,  in  igzo 

[Observations  were  made  three  weeks  after  planting.] 


Quantity  of 

Fertilizers  applied  on  May  10. 

borax  applied 
per  acre. 

Sec.  1. — In  the  row  and  seed 
planted  10  days  later. 

Sec.  2. — In  the  row  and  seed 
planted  immediately. 

Sec.  3. — Broadcast  and  seed 
planted  immediately. 

No  borax.  . .  . 

1  pound 

Normal 

Normal 

do 

Normal. 

2  pounds.  .  .  . 

do 

Do. 

3  pounds.  .  .  . 

do 

do 

Do. 

No  borax.  . .  . 

4  pounds.  .  .  . 

Normal 

Normal 

Do. 

5  pounds .... 

do 

do 

Do. 

10  pounds. . . 

do 

do 

Do. 

No  borax .... 

20  pounds . . . 
30  pounds. . . 

50  pounds .  .  . 
No  borax. . . . 

Slight  retarding 

Somewhat  stunted. .  .  . 

Germination     low; 

plants  show  yellow- 
ing. 

Slight  injury 

Plants    small;    many 
dying. 

Germination    low; 
plants  dying. 

Slight  retarding. 
Do. 

Somewhat  stunted. 

100  pounds .  . 
200  pounds.  . 
400  pounds .  . 
No  borax .... 

Germination  about  50 
per  cent ;  plants  dy- 
ing. 

Only    an    occasional 
seed    germinated; 
plants  about  dead. 

No  germination 

Only    an    occasional 
seed      germinated ; 
plants,  dying. 

Seven    seeds    germi- 
nated; plants  about 
dead. 

No  germination 

Germination  decreased 
and  plants  dying. 

Germination  decreased 
about  70  per  cent; 
most  plants  dead. 

Twelve  seeds  germi- 
nated and  plants 
died. 

The  quantity  of  borax  required  to  produce  a  noticeable  injury  to  cotton 
receiving  fertilizer  in  the  row  was  20  pounds.  To  lower  germination 
appreciably  and  cause  the  death  of  any  very  large  percentage  of  the 
plants  50  pounds  were  necessary.  Where  the  fertilizer  was  used  in  the 
row  and  planting  was  delayed  for  10  days  the  injuries  seemed  to  be 
decreased  about  50  to  75  per  cent.  Distributing  the  fertilizer  broadcast, 
as  in  section  3,  decreased  the  effects  as  much  or  possibly  slightly  more 
than  delaying  planting.  It  is  shown  that  any  method  of  use  which 
decreased  the  concentration  of  the  borax  around  the  plant  roots  markedly 
decreases  the  injuries. 

During  the  10  days  preceding  the  planting,  May  1  to  10,  2.06  inches 
rain  fell,  and  for  the  10-day  period  following  the  planting  3.34  inches 
rain  fell.  On  the  second  day  after  planting  1.6  inches  precipitation 
occurred,  which  was  followed  by  light  showers  for  several  days.  On  the 
seventh  day  after  planting  there  was  a  rainfall  of  1.56  inches.  The  total 
rainfall  for  the  month  was  5.70  inches. 
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Even  with  this  heavy  rainfall  there  was  unquestionable  injury  from 
the  borax  with  30  pounds  per  acre.  With  50  pounds  per  acre  germina- 
tion was  low  when  the  fertilizer  was  put  in  the  drill  and  seed  planted 
immediately,  and  many  of  the  plants  died  after  germinating.  When 
the  fertilizer  was  sown  broadcast  the  plants  were  stunted.  With  100 
pounds  and  over  per  acre  there  was  practically  no  germination.  The 
section  of  the  field  where  100,  200,  and  400  pounds  of  borax  per  acre 
were  used  is  shown  in  Plate  2,  B. 

SUMMARY 

Experiments  were  made  to  test  the  effect  of  borax  in  fertilizers  on 
cotton  at  Arlington  Farm,  Va.,  and  at  Muscle  Shoals,  Ala.  The  soil  at 
Arlington  Farm  is  a  productive  silt  loam  suitable  for  truck  and  general 
farm  crops.  The  soils  on  which  the  experiments  were  located  at  Muscle 
Shoals  were  the  Clarkville  loam  and  the  Colbert  silt  loam.  Borax  was 
mixed  with  fertilizers  and  applied  so  as  to  add  5,  10,  and  20  pounds  of 
anhydrous  borax  per  acre  in  two  of  the  experiments.  In  a  third  test  the 
quantities  varied  from  1  to  400  pounds  per  acre. 

At  Arlington  Farm  and  Muscle  Shoals  borax  in  small  quantities  was 
injurious  to  the  young  plants. 

On  the  silt  loam  at  Arlington  Farm,  when  the  fertilizer  was  applied 
broadcast,  5  pounds  of  borax  per  acre  were  not  always  injurious,  10 
pounds  were  slightly  injurious,  and  20  pounds  were  distinctly  so.  Appli- 
cation of  20  pounds  reduced  the  weight  of  the  green  plants  in  the  various 
experiments  from  15  to  35  per  cent.  When  the  fertilizer  was  applied 
in  the  drill  and  seed  planted  immediately,  5  pounds  was  slightly  harmful, 
10  pounds  was  distinctly  injurious,  and  20  pounds  caused  severe  injury, 
especially  on  germination  and  early  growth.  When  the  fertilizer  was 
applied  and  allowed  to  stand  until  after  a  rain  before  the  seed  were  planted, 
the  effect  was  less  severe. 

On  the  Clarksville  loam  at  Muscle  Shoals  a  somewhat  similar  result 
was  obtained.  In  one  of  the  experiments,  5  pounds  of  borax  applied 
in  the  drill  with  the  fertilizer  decreased  the  green  weight  of  the  plants 
5.7  per  cent,  10  pounds  decreased  the  weight  12  per  cent,  and  20  pounds 
decreased  it  39  per  cent.  The  injuries  to  early  growth  were  much  more 
marked  than  these  figures  would  indicate. 

The  influence  of  rainfall  was  noted.  While  the  season  was  a  normal 
one  from  June,  the  rainfall  materially  influenced  the  effect  of  the  borax. 
Wherever  a  light  rainfall  occurred  soon  after  planting  and  was  followed 
by  a  dry  period  the  effect  was  severest.  If  heavy  showers  followed 
periodically  after  planting  the  effect  was  less  severe. 

In  an  experiment  started  in  the  early  spring  on  the  Colbert  loam  at 
Muscle  Shoals  where  the  rainfall  was  very  heavy  for  10  days  after  plant- 
ing, germination  was  materially  affected  where  the  fertilizers  were 
applied  broadcast  by  100  pounds  of  borax  per  acre,  and  no  germination 
took  place  with  200  pounds  per  acre.  Where  the  fertilizers  were  put  in 
the  row,  germination  was  materially  affected  by  50  pounds  per  acre  and 
was  prevented  entirely  bv  100  pounds. 


Feb.  10, 1923    Influence  of  Fertilizers  Containing  Borax  on  Cotton       443 

LITERATURE  CITED 

(1)  Blackwell,  C.  P.,  and  COLLINGS,  Gilbeart  H. 

1920.  TRONA  POTASH:   A  PROGRESS   REPORT.      S.    C.    Agf.    Exp.    Sta.    Bui.    203, 

24  p. 

(2)  Blair,  A.  W.,  and  Brown,  B.  E. 

192 1.  THE   INFLUENCE    OF   FERTILIZERS   CONTAINING    BORAX    ON    THE    YIELD   OF 

potatoes  and  corn — season  1920.     In  Soil  Sci.,  v.  11,  no.  5,  p.  369- 
383,  4  pi.  (in  text).     References,  p.  376. 

(3)  Brown,  B.  E.: 

1922.  EFFECT  OF   BORAX  IN  FERTILIZER  ON  THE  GROWTH   AND  YIELD  OF   POTA- 
TOES.    U.  S.  Dept.  Agr.  Bui.  998,  8  p.,  1  rig.,  4  pi.     Literature  cited,  p.  8. 

(4)  Conner,  S.  D. 

1918.   THE   INJURIOUS    EFFECT   OF    BORAX   IN   FERTILIZERS    ON   CORN.      In  Proc. 
Ind.  Acad.  Sci.,  1917,  p.  195-199,  2  fig. 

(5)  and  Fergus,  E.  N. 

1920.  borax  in  fertilizers.     Ind.  Agr.  Exp.  Sta.  Bui.  239,  15  p.,  4  fig. 

(6)  Morse,  W.  J. 

1920.   SOME   OBSERVATIONS  UPON  THE  EFFECT  OF  BORAX  IN  FERTILIZERS.      Maine 

Agr.  Exp.  Sta.  Bui.  2S8,  p.  89-120,  fig.  14-27  (partly  on  pi.). 

(7)  Plummer,  J.  K.,  and  Wolf,  F.  A. 

1920.  injury  to  crops  by  borax.     Bui.  N.  C.  Dept.  Agr.,  v.  41,  no.  15,  20 
p.,  8  fig.     References,  p.  20. 

(8)  Schreiner,  Oswald,  Brown,  B.  E.,  Skinner,  J.  J.,  and  Shapovalov,  M. 

1920.  crop  injury  by  borax  in  fertilizers.     U.  S.  Dept.  Agr.  Dept.  Circ. 
84.  35  P->  25%- 


PLATE  i 

Effect  of  borax  on  cotton  in  experiment  A  at  the  Arlington  Experimental  Farm. 

A. — o,  no  borax;  5,  5  pounds  per  acre;  io,  10  pounds  per  acre.      Photographed  July 
10,  38  days  after  planting. 

B. — Experiment  A,   five   weeks  later.     Photographed    August    17,    75   days  after 
planting. 

(444) 
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PLATE  * 

Effect  of  borax  on  growth  and  germination  of  cotton. 

A. — Effect  on  cotton  at  the  Arlington  Experimental  Farm  in  experiment  C:  o,  no 
borax;  5,  5  pounds  per  acre;  10,  10  pounds  per  acre;  20,  20  pounds  per  acre.  Photo- 
graphed 43  days  after  planting. 

B. — Prevention  of  germination  of  cotton  by  ioo,  200,  and  400  pounds  of  borax  per 
acre.     The  bare  rows  show  where  these  large  quantities  of  borax  were  used. 


PLATE  3 

Effect  of  borax  on  cotton  in  Section  A  in  the  Clarksville  loam  at  Muscle  Shoals, 
Ala.  o,  no  borax;  5,  5  pounds  per  acre;  10,  10  pounds  per  acre;  20,  20  pounds  per 
acre. 

A. — Photographed  July  29,  47  days  after  planting. 

B. — Photographed  August  26,  74  days  after  planting. 

C. — Photographed  September  18,  96  days  after  planting. 
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PLATE  4 

Effect  of  borax  on  cotton  on  Clarksville  loam  in  Sections  D  and  F.     o,  no  borax; 
5  pounds  per  acre;  ic,  10  pounds  per  acre;  20,  20  pounds  per  acre. 
A. — Cotton  in  Section  D.     Photographed  August  23,   50  days  after  planting. 
B. — Cotton  in  Section  D.     Photographed  September  18,  75  days  after  planting. 
C. — Cotton  in  Section  F.     Photographed  September  18,  58  days  after  planting. 


GENETICS  OF  BUNT  RESISTANCE  IN  WHEAT  1 

By  E.  F.  Gaines 

Cerealist  in  Farm  Crops,  Washington  Agricultural  Experiment  Station,  and  Agent, 
Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United  States  Department 
of  Agriculture 

INTRODUCTION 

The  losses  due  to  bunt,  Tilletia  tritici  (Bjerk.)  Wint.,  in  the  Pacific 
Northwest  have  been  steadily  increasing  for  the  past  25  years,  not- 
withstanding the  most  earnest  efforts  on  the  part  of  scientists  and  farmers 
to  reduce  them.  The  seed  has  practically  always  been  treated  with 
blue  vitriol  or  formaldehyde,  but  in  spite  of  every  precaution  the  winter 
wheat  often  contains  from  10  to  50  per  cent  of  bunted  heads  at  har- 
vest time,  apparently  due  to  soil  infection  from  wind-borne  spores. 
In  the  State  of  Washington  alone  the  most  conservative  estimates  place 
the  losses  at  more  than  1,000,000  bushels  of  wheat  annually.  The 
bunt  problem  has  caused,  and  is  causing,  more  interest  and  anxiety 
than  any  other  of  like  nature  through  the  winter  wheat  districts.  Spring- 
sown  wheat  seldom  produces  a  bunted  crop  if  the  seed  has  been  care- 
fully disinfected,  the  spores  in  the  soil  having  perished  during  the  winter. 

The  work  has  been  closely  linked  with  the  other  cereal  and  patholo- 
gical investigations  at  the  Washington  Agricultural  Experiment  Station, 
and  many  friends  and  coworkers  have  contributed  to  the  material  in 
hand.  Acknowledgment  is  here  made  to  the  various  members  of  the 
staffs  of  the  Washington  Station  and  the  Office  of  Cereal  Investigations, 
Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture, 
for  their  ever-ready  help  and  enthusiasm;  to  E.  M.  East  for  helpful 
suggestions  and  criticism  of  the  manuscript,  and  also  to  H.  B.  Humphrey, 
H.  M.  Woolman,  E.  G.  Schafer,  and  F.  D.  Heald  for  suggestions  and 
corrections  in  the  presentation  of  the  subject  matter. 

When  the  writer  became  assistant  cerealist  of  the  Washington  Agri- 
cultural Station  in  191 1,  many  inquiries  were  coming  in  from  farmers 
concerning  control  measures  for  bunt  in  winter  wheat.  The  limita- 
tions of  seed  treatment  were  well  known,  and  soil  sterilization  seemed 
impracticable  under  the  extensive  system  of  wheat  raising  on  the  great 
farms  of  the  winter- wheat  belt.  The  possibility  of  obtaining  or  develop- 
ing a  strain  that  would  resist  the  attacks  of  the  fungus  and  at  the  same 
time  fulfill  the  requirements  of  winter  hardiness,  prolificacy,  milling 
quality,  etc.,  seemed  the  most  promising  solution  of  the  problem. 
Accordingly  hundreds  of  varieties  from  the  principal  wheat  districts  of 
the  world  have  been  introduced  and  many  hybrids  have  been  made  in 
an  attempt  to  find  or  develop  such  a  wheat.  Preliminary  reports 
(13,  14)2  of  this  work  have  already  been  published. 

The  following  paper  deals  with  that  part  of  the  investigation  con- 
cerning the  comparative  resistance  of  different  wheats  and  the  inheri- 
tance of  the  factors  that  cause  resistance,  as  expressed  in  the  hybrid 
segregates  of  succeeding  generations. 

1  Acceptedfor  publication  August  31, 1921.    Submitted  to  the  faculty  of  the  Bussey  Institution  of  Harvard 
University  in  partial  fulfillment  of  the  requirements  for  the  degree  of  doctor  of  science,  April  39,  1921 . 
1  Reference  is  made  by  number  (italic)  to  "Literature  cited, "  p.  476-479. 
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RESISTANCE  PHENOMENA  IN  GENERAL 
RELATIONSHIPS   AND   RESPONSES    OF   HOST   AND   PARASITE 

It  has  long  been  known  that  plants  and  animals  vary  greatly  in  their 
susceptibility  to  disease,  and  that  the  causal  organisms  are  more  or  less 
restricted  in  their  choice  of  host.  This  variation  may  be  attributable  to 
the  inability  of  the  causal  organism  to  set  up  a  pathogenic  relationship 
with  the  host  or  to  its  inability  to  function  after  having  established  such 
relationship.  Failure  to  infect  may  be  due  to  an  incompatible  optimum 
of  temperature,  moisture,  light,  or  nutrient  materials.  These  factors  may 
also  provide  the  physiological  basis  for  failure  to  function  after  infection 
has  taken  place.  In  addition,  the  outer  coat  may  offer  a  mechanical 
obstruction.  Thus,  the  bark  of  trees,  the  seed  coats  of  grain,  and  the 
skins  of  animals  offer  a  powerful  protection  against  invading  organisms 
which  gain  a  ready  access  if  injury  occurs.  However,  a  great  majority  of 
the  pathogens  that  have  been  studied  experimentally  seem  to  have  less 
difficulty  in  gaining  entrance  to  closely  related  resistant  forms  than  in 
continuing  that  existence  after  having  gained  entrance.  Thus  in  Marryat's 
experiments  {32)  infection  by  yellow  or  stripe  rust  [Puccinia  glumarum 
(Schm.)  Erikss.  and  Henn.]  occurred  with  equal  readiness  through  the 
stomata  of  resistant  and  susceptible  wheats.  The  susceptible  Michigan 
Bronze  wheat  seemed  to  nurture  the  infection  tubes  and  hyphae,  the 
cells  accepted  the  haustoria  without  shrinking,  and  normal  spores  were 
soon  produced.  Hyphae  never  seemed  to  flourish  in  the  resistant  Einkorn, 
but  appeared  stunted  and  watery  and  seldom  produced  haustoria.  They 
soon  died,  but  in  dying  they  killed  the  host  cells  with  which  they  came 
in  contact — appearing  to  be  mutually  toxic.  The  American  Club,  inter- 
mediate in  resistance,  sometimes  killed  the  fungus  without  reducing  the 
vigor  of  the  host  cells,  but  in  other  places  the  hyphae  were  found  flourish- 
ing while  the  host  cells  seemed  to  be  dying.  When  spores  did  develop 
there  was  not  enough  force  to  break  the  epidermis.  Apparently  resist- 
ance in  this  case  was  produced  by  antitoxins  furnished  by  the  host  and 
toxins  furnished  by  the  parasite.  Ward  (60),  also  working  on  the 
histology  of  resistance,  showed  that  size  of  stomata,  hairs,  or  comparative 
leaf  surface  had  no  influence  whatever  on  the  susceptibility  of  different 
bromes  to  brown  rust,  Puccinia  dispersa  Erikss.  and  Henn.  After 
treating  a  mass  of  data  statistically  he  drew  the  following  conclusions : 

Resistance — is  not  to  be  referred  to  observable  anatomical  or  structural  peculiarities 
but  to  internal,  i.  e.,  intraprotoplasmic,  properties  beyond  the  reach  of  the  microscope, 
and  similar  in  their  nature  to  those  which  bring  about  the  essential  differences  be- 
tween species  and  varieties  themselves. 

This  was  in  1902.  Since  then  a  great  mass  of  experimental  work  in 
plant  pathology,  bacteriology,  and  medicine  has  added  weight  to  his 
conclusions.  For  example,  Stakman  (45),  who  has  done  much  work  on 
the  phenomena  of  resistance  in  cereals  and  grasses  to  the  stemrust, 
Puccinia  graminis  Pers.,  concludes  from  his  histological  study  of  hyphal 
invasion  (to  quote  his  summary) : 

1.  When  plants  practically  immune  to  Puccinia  graminis  are  inoculated,  the  fungus 
gains  entrance  in  a  perfectly  normal  manner. 

a.  After  entrance  the  fungus  rapidly  kills  a  limited  number  of  the  plants  cells. 

3.  The  fungus,  after  having  killed  the  host  cells  in  its  immediate  vicinity,  seems 
unable  to  develop  further. 

4.  The  relations  between  plant  and  parasite  in  partially  resistant  and  almost  wholly 
immune  plants  are  different  in  degree  only. 
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5.  Hypersensitiveness  of  the  host  seems  to  be  a  common  phenomenon  not  only 
among  plants  somewhat  resistant  to  P.  graminis  but  also  among  those  almost  totally 
immune  to  it. 

These  conclusions  point  to  the  probability  that  resistant  and  sus- 
ceptible plants  differ  in  the  chemical  composition  of  their  cell  walls  or 
protoplasm  or  both.  Valuable  information  might  be  gained  along  these 
lines  by  such  investigations  as  the  recent  work  of  Rumbold  (45)  and 
Thiel  and  Weiss  (53).  Rumbold  killed  Chestnut  trees  by  injecting  an 
extract  of  the  cankerous  tissue  caused  by  the  chestnut-blight  fungus 
[Endothia  parasitica  (Murr.)  P.  J.  and  H.  W.  Anderson]  into  the  trunks  of 
healthy  trees.     Extracts  from  healthy  tissue  produced  no  effect. 

Thiel  and  Weiss  were  able  to  germinate  teliospores  of  Puccinia  graminis 
tritici  Erikss.  and  Henn.  in  midwinter  by  soaking  them  15  minutes  in  1 
per  cent  citric  acid,  although  untreated  spores  would  not  germinate  at 
all  until  spring.  Other  acids,  lipoid  solvents,  and  sodium  hydroxid  were 
ineffective.  From  this  it  would  seem  that  the  acid  had  acted  as  a 
specific  activator  through  the  cell  wall  on  the  protoplasm.  Susceptible 
hosts  may  contain  similar  activators  which  stimulate  the  metabolism 
of  the  parasite. 

The  delicate  chemotactic  balance  between  host  and  parasite  as  an  ex- 
planation of  the  differing  degrees  of  resistance  finds  support  in  the  in- 
vestigations of  Spinks  (44)  who  found  that  nitrates,  and  especially  lead 
and  zinc  nitrate,  increased  the  susceptibility  of  wheat  and  barley  to 
mildew  and  rust.  Furthermore,  potash  and  lithium  salts  decreased  sus- 
ceptibility; but  resistant  varieties  maintained  their  relative  resistance 
under  either  condition. 

From  this  it  is  logical  to  assume  that  species  or  races  which  vary  in 
their  resistance  to  disease-causing  organisms  when  growing  under  iden- 
tical environmental  conditions  do  so  because  of  their  physical  and 
chemical  individualism.  If  this  be  true,  then  the  complex  of  causes 
responsible  for  resistance  and  immunity  in  plants  is  very  similar  to,  if 
not  identical  with,  those  producing  resistance  and  immunity  in  animals. 

The  classic  researches  the  last  25  years  in  the  antitoxin  laboratories 
have  shown  that  susceptibility  to  disease  is  caused  by  the  physico- 
chemical  reactions  of  poisons,  toxins,  ptomains,  etc.,  produced  by  the 
causal  organism  in  the  various  tissues  of  the  host.  In  acquired  immunity 
the  host  cells  have  the  power  to  develop  counteracting  chemicals  which 
neutralize  the  harmful  substances  produced  by  the  pathogene.  In 
natural  immunity  either  the  counteracting  chemicals  are  already  pre- 
sent, the  temperature,  light,  food,  etc.,  are  not  optimum  for  the  patho- 
gene, or  else  the  composition  of  the  protoplasm  of  the  host  is  such  that 
no  chemical  reaction  takes  place.  An  illustration  of  the  latter  condition 
is  described  by  Zinsser  (62)  regarding  tetanus  from  the  work  of  Blu- 
menthal  (6,  p.  185).  As  is  well  known,  the  central  nervous  system  is 
the  special  point  of  attack  for  tetanus  poison,  and  Blumenthal  found  that 
tetanus  toxin  was  neutralized  by  the  brain  tissue  of  susceptible  animals, 
but  the  brain  tissue  of  resistant  animals  like  the  chicken  had  little  or 
no  neutralizing  power.  The  frog  is  also  immune  to  tetanus  under  normal 
conditions.  When  the  toxin  is  injected,  the  body  temperature  being  too 
low  to  allow  the  combination  between  toxin  and  nervous  tissue  to  take 
place,  no  tetanus  results.  If,  however,  the  frog  is  placed  in  a  tank  of 
warm  water  and  kept  at  the  normal  temperature  of  the  human  body  it 
succumbs  to  the  effects  of  the  toxin.     Clearly  chickens  and  frogs  are 
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resistant  to  tetanus  for  very  different  reasons.  The  first,  because  of  the 
different  chemical  compositions  of  the  brain;  the  second,  because  of 
physical  incompatability  to  the  parasite. 

Zinsser  in  discussing  nonheritable  natural  immunity,  says: 

The  individual  differences  in  resistance  which  unquestionably  exist  among  mem- 
bers of  the  same  species  and  races  are  very  difficult  to  explain,  but,  as  far  as  we  can 
tell  anything  about  them  at  all,  they  seem  to  depend  upon  variation  in  what  is 
popularly  spoken  of  as  "general  condition." 

This  indicates  that  the  counteracting  chemicals  are  present  in  greater 
or  less  amounts  even  in  organisms  that  readily  succumb  to  a  given  dis- 
ease. Or,  stating  it  in  another  way,  the  particular  tissue  to  be  attacked 
can  suffer  injury  and  recover  if  the  host  is  well  nourished  and  in  an 
optimum  environment  for  its  existence.  This  phase  of  natural  immu- 
nity leads  directly  into  the  phenomenon  of  acquired  immunity. 

Injuries  or  wounds  in  plant  and  animal  life  not  only  stimulate  repair 
but  also  growth  and  rejuvenescence.  If  the  injury  is  sufficiently  severe, 
or  repeated  often  enough,  the  energy  required  to  stimulate  the  affected 
part  is  too  great  a  tax  and  the  organism  dies.  Any  factor  which  reduces 
the  energy  of  the  organism,  such  as  fatigue,  malnutrition,  unfavorable 
temperature,  etc.,  should  reduce  its  resistance  to  disease,  and  this  is 
what  actually  happens. 

In  naturally  acquired  immunity,  the  injury  caused  by  the  toxin  of 
the  invading  organism  stimulates  an  overproduction  of  the  material 
used  up  in  neutralizing  it,  so  that  subsequently  more  and  more  of  the 
toxin  can  be  neutralized  without  fatal  results.  Similarly  in  induced 
immunity,  the  injection  of  increasing  amounts  of  toxin  can  be  borne 
owing  to  the  preponderantly  greater  amounts  of  neutralizing  substances 
elaborated.  In  immunization  work,  one  of  the  standard  methods  is  to 
inject  sublethal  doses  of  fully  virulent  organisms  in  order  to  stimulate 
this  great  overproduction  of  these  counteracting  chemicals,  which  are 
cast  into  the  blood  and  neutralize  the  counteracting  poison  at  once.  Such 
immunized  animals  may  or  may  not,  depending  upon  the  particular  an- 
tigen or  toxin,  retain  this  immunity  for  life. 

Since  the  beginning  of  modern  medical  sceince  it  has  been  known 
that  people  having  once  recovered  from  such  diseases  as  plague,  cholera, 
smallpox,  or  yellow  fever  will  not  again  during  their  lifetime  contract 
it;  but  lasting  immunity  is  not  conferred  by  one  attack  of  such  diseases 
as  pneumonia,  tetanus,  or  influenza.  In  attempting  to  explain  or 
make  use  of  these  phenomena  a  great  branch  of  physiological  chemistry 
has  been  developed. 

The  most  comprehensive  attempt  to  explain  the  causes  of  immunity 
is  that  offered  by  Ehrlich  (10),  in  which  he  conceives  the  cells  of  host 
and  parasite  as  aggregations  of  complex  molecules  which  are  them- 
selves complex.  Complex  molecules  react  with  one  another  through  cer- 
tain of  their  side  chains,  but  only  when  these  side  chains  have  a  certain 
definite  correspondence  in  structure.  The  reactions  of  immunity 
represent  only  a  repitition  of  the  processes  of  normal  metabolism.  A 
receptor  is  an  outlying  part  (the  chain)  of  the  cell  which  is  able  to 
combine,  by  means  of  a  so-called  haptophorous  group,  with  foreign 
(protein)  molecules.  The  haptophorous  group  of  the  receptor  is  able 
to  combine  with  a  food  molecule  or  with  a  toxin  molecule.  Such 
combination  stimulates  the  cell  to  produce  more  receptors  which,  in 
the  case  of  toxin  combination,   may  result  in  over   production,   the 
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superfluous  receptors  becoming  detached  from  the  cell.  These  are 
called  amboceptors  because  they  have  two  haptophorous  groups,  and 
in  the  immunizing  process  they  act  as  links  to  bind  the  invading  cells 
to  the  complements  which  are  normally  present  and  which,  when  so 
united  to  the  foreign  cells,  are  able  to  destroy  them  by  means  of  a 
zymotoxic  or  toxophore  group.  The  amboceptor  with  its  complement 
constitutes  a  cytotoxin,  hemolysin,  or  bacteriolysin.  Other  detached 
receptors  act  as  antitoxins,  as  agglutinins,  or  as  precipitins.  Toxins 
have  a  haptophorous  group  by  which  they  combine  with  antitoxins, 
and  a  toxophorous  group  to  which  their  injurious  effects  are  due.  A 
toxin  which  has  lost  its  toxophorous  group,  as  by  heating,  is  called  a 
toxoid.  A  complement  which  has  lost  its  zymotoxic  group  is  a  com- 
plementoid  and  an  amboceptor  that  has  lost  one  of  its  haptophorous 
groups  is  called  an  amboceptoid.  The  presence  of  a  foreign  cytotoxin 
leads  to  the  presence  of  an  anticytotoxin,  which  may  act  on  the  ambo- 
ceptor or  on  the  complement. 

Whether  Khrlich's  or  similar  theories  can  be  extended  to  account  for 
all  the  complex  phenomena  of  reistance  and  immunity  in  plants  and 
animals  remains  for  the  future  to  decide.  Like  the  hypotheses  in  physics 
and  chemistry,  it  offers  a  shorthand  method  for  explaning  the  facts.  It 
helps  to  make  a  clearer  understanding  of  the  phenomena  of  both  natural 
and  acquired  resistance  and  immunity  and  also  explains  in  a  logical  way 
the  change  in  the  virulency  of  organisms,  in  so  far  as  there  is  any  expla- 
nation at  present.  For  example,  as  Walker  (59,  p.  34)  has  shown  the 
pathogenic  organisms  themselves  may  be  immunized  against  immune 
serums  by  cultivating  them  in  media  containing  increasing  portions  of 
the  immune  serums. 

It  is  not  too  much  to  suppose,  therefore,  that  pathogenic  organisms 
themselves  are  subject  to  contagious  diseases,  suffer  from  malnutrition, 
and  benefit  by  becoming  acclimated,  in  response  to  the  same  laws  that 
operate  in  higher  organisms.  Changes  in  virulency  can  probably  be  ex- 
plained as  the  interaction  of  these  factors  in  the  majority  of  cases;  but 
the  plasticity  or  heterozygous  character  of  some  forms  offer  the  possi- 
bility of  genetical  change  by  selection.  The  brief  time  required  for  each 
generation  in  many  of  the  lower  forms  and  the  large  numbers  produced 
would  make  this  a  quick  and  permanent  method  of  adapting  an  organ- 
ism to  its  environment.  Since,  in  general,  the  lower  forms  are  more 
constant  or  stable  than  the  higher  forms,  it  is  probable  that  such  genetic 
change  by  selection  is  very  limited. 

From  the  foregoing  discussion  it  seems  that  disease-resistance  pheno- 
mena in  both  plants  and  animals  are  due  to  the  same  general  causes. 
The  hosts  of  a  given  parasite  may  vary  both  morphologically  and  physi- 
ologically; and  according  to  their  physico-chemical  complex  react  di- 
versely in  their  irritability  and  response  to  such  factors  as  temperature, 
moisture,  light,  nutrition,  and  poison.  The  same  organism  will  react 
differently  to  the  same  stimuli  at  different  stages  in  its  development. 
In  so  far  as  the  subject  has  been  studied,  the  parasite  or  disease-causing 
organism  seems  to  vary  also,  and  according  to  the  same  laws  that  govern 
the  host.  Added  to  this,  the  host  is  changed  within  certain  limits,  chemi- 
cally, by  its  food  supply  and  other  external  stimuli,  such  as  other  dis- 
eases or  mechanical  injury.  The  parasite  probably  has  its  diseases  and 
is  no  doubt  changed  chemically  by  them  and  also  by  its  changing  food 
supply.     In  the  delicate  balance  between  these  two  organisms,  host  and 
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parasite,  there  is  a  physico-chemcial  complex  so  intricate  that  it  has 
thus  far  been  impossible  to  comprehend  or  to  analyze  it  in  all  its  detail. 
Heritable  resistance  represents  a  permanent  upsetting  of  this  balance  in 
favor  of  the  host,  caused  by  the  variation  in  its  physico-chemical  complex. 

INHERITANCE   OF   RESISTANCE 

Acquired  resistance  and  induced  immunity,  like  other  acquired 
characters,  have  not  been  shown  experimentally  to  be  inherited  in  the 
ordinary  sense  of  the  term,  but  each  generation  must  recover  from  a 
given  disease  or  be  vaccinated  (or  inoculated  with  the  proper  virus)  in 
order  to  acquire  immunity.  Inherent  or  natural  resistance  is  definitely 
passed  on  from  generation  to  generation  like  morphological  characters. 
When  such  a  resistant  race  is  crossed  on  a  susceptible  one,  resistant  and 
susceptible  races  may  be  isolated  in  subsequent  generations,  which  show 
that  the  same  laws  of  inheritance  which  control  other  characteristics  are 
in  operation  in  determining  the  causes  of  resistance.  Biffn  (2),  in  Eng- 
land, found  resistance  to  yellow  rust  Puccinia  glumarum  Erikss.  and 
Henn.  and  resistance  to  mildew  Erysiphe  graminis  DC.  in  barley  to  be  a 
simple  mendelian  recessive.  One  of  his  resistant  hybrid  wheats  has 
become  of  commercial  importance  and  has  retained  its  resistance  at 
Cambridge  for  16  generations.  Nilsson-Ehle  (34),  in  Sweden,  corroborated 
Biffen's  findings  as  to  the  heritability  of  resistance  to  yellow  rust,  but  in 
his  crosses  he  obtained  segregates  more  resistant  and  more  susceptible 
than  the  parents,  which  he  interpreted  as  being  due  to  modifying  multiple 
factors.  Hayes,  Parker,  and  Kurtzweil  (75) ,  in  America,  found  the  same 
phenomenon  in  connection  with  resistance  to  stemrust  Puccinia  graminis 
Pers.  in  wheat  and  in  addition  found  linkage  between  resistance  and 
certain  durum  and  emmer-like  characters. 

Other  genera  that  have  been  studied  genetically  in  regard  to  resistance 
to  various  diseases,  in  general  show  the  same  type  of  inheritance. 
McRostie  (30)  ,working  with  two  independent  strains  of  the  bean  anthrac- 
nose  organism  Colleiotrichum  lindemuthianum  (Sacc.  and  Magn.)  Bri. 
and  Cav.,  showed  resistance  to  anthracnose  to  be  dominant  to  suscepti- 
bility. When  a  bean  resistant  to  both  strains  was  crossed  on  one  sus- 
ceptible to  both,  a  ratio  of  9  resistant  to  7  susceptible  was  obtained  in  the 
F2  generation.  Either  strain  alone  gave  the  expected  3  to  1  ratio.  Later 
(31)  he  gave  additional  data  including  36  F3  families  which  supported  his 
earlier  interpretation.  In  addition  he  reported  rootrot  (caused  by 
Fusarium  martii  phaseoli  Burk.,)  and  mosaic  resistance  in  beans  to  be 
partially  recessive.  He  interpreted  his  F2  results  according  to  the  ratio 
9  susceptible  to  7  resistant,  which  was  supported  by  the  performance  of 
183  F3  families  for  rootrot  and  329  F3  families  for  mosaic.  Parker  (39) 
published  a  preliminary  report  on  the  crownrust  of  oats,  Puccinia  lolii 
avenae  McAlpine,  in  which  he  concludes  that  resistance  is  recessive  but 
was  caused  by  multiple  factors.  Orton  (36,  37)  described  the  trans- 
ference of  wilt  resistance  of  the  stock  melon  to  the  watermelon  by  crossing, 
and  similarly,  resistance  to  wilt  and  rootrot  was  transferred  from  the 
Iron  cowpea  to  one  of  the  Whippoorwill  type. 

Among  the  farm  crop  plants  that  have  attained  commercial  importance 
through  their  disease-resisting  qualities,  but  which  originated  by 
selection  or  introduction,  may  be  mentioned  the  following: 

1.  Upland  and  Sea  Island  cotton  resistant  to  wilt.     (Webber.) 

2.  Potatoes  resistant  to  late  blight  and  scab.     (Jones  and  Stuart.) 
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3.  Flax  resistant  to  wilt.     (Bolley.) 

4.  Cantaloup  resistant  to  leafblight.     (Blinn.) 

5.  Clover  resistant  to  anthracnose.     (Bain  and  Essary.) 

6.  Durum  wheat  in  the  Dakotas  (Carleton)  and  Kanred  wheat  in 
Kansas  (Roberts)  resistant  to  rust. 

7.  Tobacco  resistant  to  rootrot.     (Johnson  and  Milton.) 

8.  Grape  resistant  to  Phylloxera.     (Viola  and  Ravaz.) 

A  genetic  analysis  of  the  resistance  of  these  crops  after  crossing  them 
with  susceptible  races  would  be  required  to  show  the  type  of  inheritance 
in  each  case.  Such  investigation  would  be  more  concise  and  the  inter- 
pretation clearer  if  a  standard  method  of  inoculation  were  adopted  and 
a  quantitative  rather  than  a  qualitative  measure  of  resistance  were  used, 
as  is  being  done  in  rust  resistant  work  with  cereals  {38) .  The  analysis  of 
the  inheritance  of  rootrot  in  tobacco  (21)  should  prove  especially  in- 
teresting because  of  the  ease  with  which  crosses  are  made  and  also  on 
account  of  the  amount  of  genetic  work  already  done  on  tobacco.  It  is 
difficult  to  interpret  much  of  the  past  work  because  inoculation  was  left 
to  chance  or  natural  agencies,  which  allowed  part  of  the  individuals  to 
escape  infection  and  the  resulting  segregates  were  arbitrarily  classified 
as  resistant  or  susceptible,  when  as  a  matter  of  fact  every  graduation 
from  complete  susceptibility  to  complete  immunity  occurred.  In  some 
cases  (55)  different  stages  in  the  life  history  of  the  organism  apparently 
do  not  have  the  same  infective  power. 

Whether  resistance  of  a  given  host  against  a  given  parasite  will  be 
maintained  indefinitely  in  a  given  environment  remains  for  the  future  to 
decide.  Resistance  in  certain  crops  (46)  may  be  only  temporary.  The 
resistance  of  the  host  might  be  apparently  lost  through  the  introduction  of 
a  new  physiological  race  of  the  parasite  to  which  it  was  susceptible.  An 
example  of  such  an  occurrence  is  recorded  by  Levine  and  Stakman  (25). 
They  obtained  a  strain  of  stemrust  from  Oklahoma  that  could  attack 
Kanred  wheat  although  Kanred  continued  to  be  very  resistant  to  the 
two  common  races  of  stemrust  in  Kansas.  According  to  Evans  (11) 
Bobs  Rust  Proof  wheat  was  resistant  to  stemrust  at  Pretoria,  South 
Africa,  but  was  badly  attacked  in  the  Low  Country  of  the  Transvaal. 
This  may  have  been  due  to  the  change  in  environment  or  to  the  presence 
of  a  different  biologic  form  of  the  fungus  encountered  in  the  Low  Country. 
Evans  also  reported  an  extraordinary  case  in  which  the  pathogenic 
properties  of  stemrust  on  wheat  were  increased  nearly  five  fold  by  passing 
one  generation  of  its  existence  on  the  Fx  generation  of  a  cross  between  a 
resistant  and  a  susceptible  variety  (Bobs  X  Wol  Koran) .  Bobs  normally 
produced  one-fifth  as  many  pustules  as  Wol  Koran,  but  when  infected 
with  spores  from  the  'P1  generation  it  produced  one-third  as  many.  In 
this  case  the  Ft  generation  had  apparently  acted  as  a  "bridge"  to  per- 
manently increase  the  virulency  of  the  rust  and  had  also  decreased  the 
difference  between  the  resistant  and  susceptible  varieties.  If  this 
should  prove  to  be  a  general  rule,  breeding  for  resistance  would  not  only 
be  without  avail  but  would  actually  be  a  very  dangerous  practice  on 
account  of  the  danger  of  developing  and  spreading  super- virulent  cultures 
of  the  parasite.  It  is  to  be  regretted  that  Evans  did  not  grow  an  F, 
generation  of  the  host  to  see  whether  super-resistant  segregates  could  be 
obtained.  He  worked  with  comparatively  few  plants  in  the  greenhouse, 
and  his  results  may  have  been  due  to  some  uncontrolled  factor,  for  other 
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investigators  have  not  been  able  to  duplicate  his  results.  Biffen  (j)  is 
positive  that  such  "  bridging"  or  increase  in  virulence  did  not  occur  among 
any  of  his  many  hybrids  in  England.  Stakman  and  his  associates  (45-53) 
in  America,  after  long  and  careful  work  with  stemrust  on  its  many  hosts, 
have  failed  to  find  any  indication  of  "bridging"  or  increased  virulence  of 
the  parasite.  They  grew  it  on  hybrids  of  resistant  X  susceptible  wheat 
varieties  from  the  Fv  F2,  and  F9  generations.  They  used  different 
physiological  races  of  the  parasite  and  many  species,  including  several 
genera  of  host  material.  In  no  case  did  they  find  an  intermediary  host 
that  would  increase  the  virulency  of  the  rust.  On  the  other  hand,  they 
found  that  the  parasite  became  sickly  when  cultivated  on  a  resistant 
host  and  often  could  not  be  maintained  more  than  a  few  generations. 

According  to  Vavilov  (58)  "bridging  species"  are  found  in  Puccinia 
Symphyti  Bromorum  F.  Mull.  (M.  Ward  and  Freeman),  Erysiphe  graminis 
DC.  living  on  Bromus  (E.  Salmon) ,  in  P.  graminis  forma  sp.  tritici  (Free- 
man and  Johnson),  and  Sphaerotheca  Humuli  on  Alchemilla  (Steiner). 
It  will  be  noted  that  these  few  cases  deal  with  relatively  weakley  special- 
ized fungi,  when  compared  with  the  smuts,  among  which  biologic  races 
of  different  infecting  power  are  known  to  exist;  and  the  hosts  used 
contain  races  varying  from  complete  susceptibility  to  immunity.  The 
conflicting  accounts  of  American  investigators  may  be  explained  on 
similar  grounds.  For  example,  Johnson  (20)  was  able  to  transfer 
timothy  rust  Puccinia  phleipratensis  Erikss.  and  Henn.  to  barley  by 
means  of  oats  as  a  bridging  host  when  it  could  not  be  transferred  from 
timothy  direct,  but  Stakman  and  Jensen  (4.7)  transferred  timothy  rust 
successfully  to  oats,  barley,  rye,  wild  oats,  oat  grass,  orchard  grass, 
wild  rye,  rye  grass,  and  rough  brome,  without  the  use  of  a  bridging  host. 

The  biologic  races  of  hosts  and  parasites,  differing  in  resistance  and 
virulency  and  the  difficulty  of  keeping  pedigreed  cultures  of  each  not 
only  make  accurate  work  difficult  but  make  it  almost  impossible  for  two 
investigators  working  in  different  parts  of  the  country  to  corroborate 
each  other's  work.  "Wheat"  and  "stemrust"  are  terms  not  sufficiently 
specific  for  work  of  this  kind.  The  particular  variety  of  wheat  and  the 
biologic  race  of  the  rust  must  be  known. 

Plants  vary  also  in  their  resistance  to  the  attacks  of  insects.  Tors- 
sell  (56),  in  Sweden,  found  certain  winter  wheats  that  were  not  harmed 
by  the  six-spotted  leafhopper  while  other  varieties  in  the  same  field 
were  destroyed.  In  19 16  in  the  variety  test  of  field  peas  planted  at  the 
Washington  Agricultural  Experiment  Station,  the  seed  of  Alaska  peas 
was  infested  with  pea  weevil.  At  harvest  time  the  Alaskas  contained 
more  infested  than  good  seed,  while  the  Bangalias  growing  beside  them 
contained  only  a  trace.  The  adult  weevil  is  winged  but  evidently 
preferred  the  Alaskas.  It  is  a  common  observation  among  potato 
growers  that  the  Colorado  potato  beetle  will  destroy  certain  varieties 
before  attacking  others.  For  example,  if  Early  Rose  and  Rural  New 
Yorkers  are  planted  in  alternate  rows  in  a  garden,  the  beetles  will  strip 
the  leaves  of  the  Early  Rose  before  harming  to  any  appreciable  extent 
the  Rurals.  But  perhaps  the  most  striking  example  of  resistance  to 
insect  attack  is  that  of  certain  grapes  resistant  to  the  plant  louse 
Phylloxera  vitifoliae  Fitch,  described  by  Bioletti  (4).  When  resistant 
and  susceptible  varieties  are  crossed,  resistance  seems  to  be  dominant. 
Such  hybrids  have  become  the  foundation  stock  for  grafting  with  the 
choice  wine,  table,  and  raisin  grapes  of  Europe.     Phylloxera  feeds  on  the 


Feb.  10, 1923  Genetics  of  Bunt  Resistance  in  Wheat  453 

roots  of  the  grape  and  produces  galls  or  "  tuberosites "  which,  on  the 
susceptible  varieties,  enlarge  enormously,  and  in  two  or  three  years  kill 
the  vines.  This  growth  is  caused  by  a  poison  which  is  injected  by  the 
insect.  The  resistant  varieties  do  not  react  to  this  poison,  and  in 
addition  the  insect  does  not  multiply  so  rapidly  on  it,  which  indicates  a 
repellant  effect  of  the  juice  of  the  resistant  plant  on  the  life  of  the  Phyl- 
loxera. Between  two  and  three  million  acres  of  vineyards  in  France 
and  California  have  been  destroyed  by  Phylloxera  during  the  past 
50  years  and  have  been  replanted  to  choice  varieties  that  have  been 
grafted  on  to  resistant  stocks. 

Little  work  has  been  done  on  the  inheritance  of  disease  resistance 
in  animals.  The  nearest  approach  to  an  exhaustive  critical  investiga- 
tion in  this  subject,  is  that  by  Little  and  Tyzzer  (26).  They  could  trans- 
plant the  carcinoma  tumor  designated  as  J.  w.  A.  at  will  on  the  Japa- 
nese waltzing  mouse,  but  the  common  mouse  was  immune  to  it.  The  F: 
generation  of  these  two  races  was  very  susceptible,  there  being  but  1 
in  62  that  failed  to  react.  The  F2  and  F3  generations  were  very  nearly 
immune,  there  being  but  3  reacting  positively  out  of  221.  The  Fx 
generation,  back-crossed  with  the  susceptible  parent  gave  mostly  sus- 
ceptible offspring  (64  positive  to  4  negative),  but  when  back-crossed 
with  the  immune  parent  only  immune  offspring  were  produced  (112 
negative  reactions).  Altogether  629  mice  were  used  in  the  investiga- 
tion. The  authors  interpreted  susceptibility  to  transplanted  carcinoma 
tumor  J.  w.  A.  as  being  due  to  a  complex  of  dominant  multiple  factors 
but  considered  their  data  insufficient  to  arrive  at  an  approximation  of 
the  number  involved. 

From  the  illustrations  given  above  it  will  be  seen  that  the  researches 
already  made  on  the  inheritance  of  disease  resistance  indicate  that,  in 
the  main,  whether  due  to  physical  or  chemical  causes,  Mendelian  laws 
of  segregation  and  recombination  control  resistance  phenomena  generally. 
Artificial  crossing  and  selection  of  large  numbers  should  help  clear  up 
the  difficulties  in  making  practical  use  of  these  laws  in  controlling  crop 
and  animal  pests. 

BUNT  RESISTANCE  PHENOMENA  IN  WHEAT 
THE  PARASITE 

There  are  two  species  of  bunt,  Tilletia  tritici  (Bjerk.)  Wint.  and  T.  levis 
Kiihn.  T.  tritici  is  the  most  common  and  is  the  one  generally  referred 
to  in  the  literature,  and,  unless  otherwise  designated,  is  the  species 
referred  to  throughout  this  paper. 

The  smuts  (order  Ustilaginales)  were  among  the  first  recognized 
plagues  of  plants.  Pliny  (41)  and  Theophrastus  (54)  wrote  about 
smut  outbreaks  in  grains  and  considered  them  due  to  untoward  weather 
and  soil  conditions  which  caused  a  morbid  transformation,  that  is, 
putrifaction,  of  the  tissues  of  the  grain.  In  1801  Persoon  {40,  p.  224) 
described  stinking-smut  as  being  due  to  a  fungus.  Meyen  (55,  p.  108- 
119)  as  late  as  1841  wrote  that  the  smut  powder  in  a  dissolved  condi- 
tion entered  the  roots  and  caused  the  sap  to  engender  the  same  disease. 
But  Kiihn  (25)  was  the  first  to  prove  that  the  fungus  from  the  germinat- 
ing spore  actually  enters  the  young  wheat  plant,  thereby  starting  infec- 
tion that  results  in  the  smutted  head. 
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According  to  Arthur  (i)  farmers  reported  a  bunt  outbreak  in  1859  in 
the  Haw  Patch  district  of  Indiana  that  took  half  the  crop.  Although 
such  epidemics  are  not  common  in  Indiana,  another  one  occurred  in 
this  same  district  in  1887  and  in  some  fields  caused  an  almost  total  loss. 

In  total  harm  done  in  reducing  the  world's  wheat  crop,  bunt  is  second 
only  to  rust  (19).  In  the  wheat  section  of  the  Pacific  coast  in  America 
in  19 1 9  it  is  estimated  that  between  two  and  three  million  bushels 
were  lost  on  account  of  it.  Besides  the  actual  reduction  in  yield,  the 
spores  clinging  to  the  grain  and  straw  may  be  harmful  to  certain  animals, 
and  added  expense  is  required  to  clean  the  grain  for  flour  if  the  crop  is 
even  slightly  contaminated.  It  is  known  and  dreaded  in  all  countries 
where  wheat  is  grown.  The  countless  spores  in  the  separator  during 
thrashing  are  sometimes  exploded  by  the  static  electricity  of  the  revolv- 
ing cylinder  and  a  fire  is  started  that  destroys  both  machinery  and  crop 
(PI.  1,  A).  During  thrashing  the  liberated  spores  are  disseminated  by 
the  wind,  and,  as  Heald  and  George  (16)  have  shown,  distributed  at  the 
rate  of  more  than  35,000  spores  to  the  square  inch  during  a  single  season 
over  distant  fields  about  to  be  planted  to  fall  wheat.  Under  such  condi- 
tions seed  treatment  will  not  prevent  a  smutty  crop  of  winter  wheat 
the  following  year  if  the  season  is  favorable  for  infection  by  the  wind- 
borne  spores.  Experiments  have  shown  that  in  a  few  weeks  after  the 
first  rains,  however,  the  spores  germinate,  and  in  the  absence  of  wheat 
seedlings  to  infect,  the  fungus  dies  within  a  month  or  6  weeks.  Spores 
have  been  kept  in  the  dry  for  12  years  which  would  still  germinate 
(Woolman  and  Humphrey.3) 

McAlpine  (28,  29)  describes  the  spores  of  Tilletia  tritici  (Bjerk.)  Wint. 
as  globose  with  reticulate  roughened  surface  15  to  22  ju  (average  16/1)  in 
diameter.  Under  suitable  temperature  and  moisture  conditions  the 
resting  spores  germinate  in  air  or  water.  In  water  a  long  septate,  un- 
branched  mycelium  is  produced,  whereas  in  air  a  short,  septate,  pro- 
mycelium  is  produced,  at  the  end  of  which  are  borne  3  to  10  filamentous 
or  sickle-shaped  conidia.  These  conidia,  fusing  in  pairs,  produce  the 
infection  threads  by  means  of  which  the  parasite  enters  the  host.  This 
is  accomplished  between  germination  and  the  beginning  of  photosyn- 
thesis of  the  young  wheat  plant.  Once  established,  the  fungus  grows 
until  fruiting  time,  keeping  pace  with  the  growing  point  without  serious 
injury  to  the  host.  It  then  produces  a  mass  of  hyphae  in  the  walls  of 
the  young  ovules,  which  results  in  such  a  quantity  of  odoriferous  spores 
as  to  fill  the  ovaries  to  the  point  of  bursting — that  is,  making  "smut 
balls"  about  the  size  of  wheat  kernels. 

The  resting  spores  are  never  produced  except  in  the  ovaries  of  the 
host.  The  parasite  remains  in  a  vegetative  condition  during  the  life- 
time of  the  host — whether  it  be  2  months  or  10.  The  physico-chemical 
changes  that  take  place  in  the  wheat  plant  as  it  approaches  maturity 
stimulate  the  bunt  organism  to  similar  changes,  for  it  quickly  spreads 
its  hyphae  through  the  remains  of  the  nucellus  and  deposits  masses  of 
its  own  fruiting  spores  in  the  space  normally  occupied  by  the  endosperm 
and  embryo  of  the  wheat. 

Bunt,  in  common  with  other  smuts,  apparently  consists  of  but  a  single 
biologic  race.  Like  other  disease-producing  organisms,  it  is  selective 
for  certain  tissues  (24).     The  nodes  and  growing  points  of  the  host  are  the 


3  Woolman.  Horace  M.,  and  Humphrey,  Harry  B.    Studies  in  the  physiology  and  control  op 
bunt  OR  stinking  smut  OP  wheat.     U.  S.  Dcpt.  Agr.  Bui.     (In  press.) 
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tissues  in  which  it  is  most  frequently  found  in  this  case,  and  the  fungus 
no  doubt  produces  toxins  which  bring  about  the  deformity  characteristic 
of  a  smutted  plant.     (PL  1,  B;  2,  A.) 

According  to  Woolman,4  bunt  infection  takes  place  during  the  early 
seedling  stages,  through  the  walls  of  the  coleoptile.  He  is  unable  to 
find  any  trace  of  mycelium  except  in  the  coleoptile  until  the  seedlings 
are  about  8  days  old.  By  the  time  they  are  15  days  old  the  mycelium 
has  penetrated  to  the  inner  side  of  the  second  leaf  sheath.  As  the  plant 
grows  older  the  mycelium  penetrates  farther  and  is  carried  upward 
mechanically  with  the  growing  point,  living  filaments  being  found  most 
frequently  at  the  nodes  and  in  or  near  the  actively  growing  parts.  The 
older  parts  of  the  mycelium  disappear,  apparently  being  digested  and 
absorbed.  He  finds  that  the  so-called  immune  varieties  are  readily 
infected  and  that  resistant  and  susceptible  seedlings  show  no  difference 
during  the  first  two  weeks.  By  the  time  they  are  a  month  old,  however, 
the  mycelium  in  the  resistant  varieties  is  more  restricted  in  its  rami- 
fications and  appears  lacking  in  stainable  cell  contents.  The  "re- 
sistance" is  evidently  chemical  in  nature  and  begins  to  restrict  the  growth 
of  the  mycelium  shortly  after  the  genesis  of  photosynthesis.  He  rarely 
finds  evidence  of  infection  at  more  than  one  point,  although  he  found 
one  head  containing  spores  of  both  Tillitia  trilici  and  T.  levis,  which 
proves  that  two  infections  did  take  place,  each  functioning  at  maturity. 

Heald  (17)  believes  that  multiple  infection  is  required  to  develop  a 
smutted  plant.  He  found  that  Marquis  wheat,  which  is  very  resistant 
to  bunt,  could  endure  from  500  to  1,000  spores  per  grain  without  pro- 
ducing bunted  heads  in  the  succeeding  crop.  When  seed  carrying 
100,000  or  more  spores  per  grain  were  planted  half  the  resulting  crop 
consisted  of  bunted  heads.  Jenkins  Club,  which  is  very  susceptible, 
produced  a  trace  of  bunt  with  as  few  as  100  spores  per  seed.  When  the 
inoculation  reached  40,000  or  more  the  resulting  crop  produced  from  80 
to  100  per  cent  of  bunted  heads. 

If  the  multiple  infection  hypothesis  be  the  correct  explanation  of  this 
phenomenon,  it  might  be  compared  to  induced  immunity  in  animals 
brought  about  by  sublethal  injections  of  fully  virulent  organisms.  In- 
fection in  a  great  number  of  different  places — that  is,  a  lethal  dose — would 
use  up  the  "antitoxin"  already  present  in  the  plant  so  rapidly  that  the 
pathogenic  relationship  could  be  established.  The  resistant  varieties 
would  either  contain  more  of  the  "antitoxin"  or  a  greater  capacity  for 
developing  such  material.  Much  more  work  will  be  required  to  estab- 
lish this  point.  The  data  as  published  (17)  might  be  interpreted  as 
increasing  the  chances  for  infection  or  producing  the  external  conditions 
that  would  make  possible  the  penetration  of  the  host  cuticle  (7).  It 
has  been  shown  that  the  amount  of  bunt  is  greatest  in  wheat  planted  for 
September  15  and  only  slightly  less  on  October  1,  at  Pullman,  Wash., 
the  amount  growing  less  and  less  in  plantings  either  earlier  or  later. 
In  view  of  this  fact,  as  well  as  the  fact  that  varieties  differ  in  relative 
susceptibility,  makes  the  proposition  of  determining  by  a  spore  count 
whether  a  given  lot  of  seed  needs  treating,  a  difficult  and  precarious  one, 
for  winter  wheat.  A  general  prediction  of  the  amount  of  smut  to  be 
expected  in  spring  wheat  would  be  less  hazardous. 

*  My  former  colleague,  Mr.  H.  M.  Woolman,  has  done  much  cytological  work  on  the  relationships  of  bunt 
and  wheat,  and  he  has  kindly  permitted  me  to  make  the  above  statements  of  his  unpublished  work. 
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Summarizing  the  evidence  at  hand,  bunt  appears  to  be  a  highly  special- 
ized parasite,  consisting  of  but  a  single  biologic  race  and  existing  on  but 
a  single  host  genus,  Triticum.5  Its  spores  are  disseminated  both  on  the 
seed  of  the  host  and  by  wind  to  fields  of  fall  wheat.  Infection  takes 
place  only  during  the  seedling  stage  of  the  host  and  to  be  effective  may 
require  multiple  infection.  It  produces  but  one  crop  of  spores  a  year, 
these  being  deposited  in  the  wheat  ovaries  following  the  flowering  period. 
Next  to  rust,  it  is  the  most  destructive  parasite  of  wheat.  Besides  the 
actual  loss  due  to  bunted  heads,  additional  losses  occur  through  feeding 
smutty  grain  to  animals,  through  lowering  the  vitality  of  the  seed  by 
treatment  with  disinfectants,  through  the  time  and  expense  of  treating 
the  seed,  through  fires  caused  by  explosions  of  spores  during  thrashing, 
through  extra  cleaning  required  in  milling,  and  through  experiments  of 
farmers,  such  as  planting  out  of  season,  changing  seed,  and  trying  other 
unadapted  plants  in  an  effort  to  avoid  a  smutty  crop. 

THE  HOST 

There  are  eight  commonly  recognized  species  of  wheat  in  American 
agricultural  literature.  According  to  Tschermak  (57)  Einkorn,  Triticum 
monococcum  is  quite  distinct  from  the  others  and  generally  will  not  cross 
with  them,  although  Blaringhem  (5)  succeeded  in  crossing  it  with  durum 
and  Polish  wheat.  Emmer,  T.  dicoccum  Schr.,  is  thought  to  be  the 
progenitor  of  the  other  six.  Durum,  T.  durum  Desf.,  Polish,  T.  polonicum 
h.,  and  Poulard,  T.  turgidum  L.  are  inter-fertile  but  show  about  50  per 
cent  sterility  when  crossed  with  the  other  three.  Common  wheat,  T. 
vulgar e  Vill.,  Club  wheat,  T.  compactum  Host.,  and  Spelt,  T.  spelta  L.  are 
all  fertile  inter  se. 

Triticum  generally  shows  intersterility  with  other  genera,  although 
crosses  have  been  made  with  Secale  (rye) ,  but  the  F2  generation  is  nearly 
always  sterile,  rarely  producing  seed.  Love  and  Craig  (27)  reviewed 
former  work  on  wheat-rye  hydrids  and  reported  a  cross  between  Dawson 
Golden  Chaff  and  common  rye  in  which  they  obtained  a  single  plant  in 
the  Ft,  F2,  and  F3  generation,  there  being  but  one  seed  produced  in  each 
of  the  first  two  generations.  The  F3  generation  was  not  so  nearly  sterile, 
for  it  produced  a  number  of  seeds  from  which  a  variable  population  of 
F4  segregates  were  obtained. 

In  common  with  many  other  members  of  the  grass  family  the  bread 
wheats  have  hollow  stems  closed  at  the  nodes  and  two-ranked  parallel- 
veined  leaves  consisting  of  sheath  and  blade.  The  sheath  envelopes  the 
stem  with  the  edges  overlapping.  The  flowers  are  perfect,  arranged  1  to  6 
on  a  spikelet,  and  the  spikelets  alternate  on  the  rachis  to  form  a  spike. 
Two  empty  glumes  inclose  each  spikelet.  Each  flower  is  inclosed  in  a 
floral  glume  on  the  outside  and  a  palea  on  the  inside  and  consists  of 
three  stamens  with  slender  filaments  and  a  1 -celled  ovary  beneath  two 
styles  with  plumose  stigmas.  Wheat  generally  is  self -fertilized,  but 
natural  hybrids  sometimes  occur  in  arid  climates. 

After  germination  the  plant  passes  through  a  vegetative  stage  in  which 
it  produces  a  cluster  of  leaves  (the  stool) ,  tillering  from  a  zone  of  active 

6  Since  completing  this  manuscript  I  found  two  smutted  ryelike  plants  in  an  F2  generation  of  Hybrid 
128  wheat  Rosen  rye.  The  characteristic  odor  and  reticulated  surfaces  of  the  spores  make  it  almost  certain 
that  the  casual  organism  was  Telletia  triiici,  (Bjerk.),  Wint.  The  same  season  (1921)  F.  J.  Stevenson  found 
two  heads  of  what  looked  like  bunt  on  common  rye  in  our  cereal  nursery  at  Pullman,  Wash.,  near  the 
place  where  the  two  rye-wheat  hybrid  plants  had  been  found. 
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tissue  near  the  surface  of  the  earth.  With  the  approach  of  summer  the 
stems  elongate  rapidly,  the  seeds  develop,  and  the  plant  dies.  The 
vegetative  stage  is  completed  in  from  one  to  eight  months,  depending 
upon  temperature  and  variety. 

The  vegetative  period  exhibits  some  interesting  variations.  A  funda- 
mental varietal  agronomic  difference  of  great  practical  importance,  which 
is  entirely  ignored  in  most  taxonomic  nomenclature,  is  the  habit  of 
growth  during  this  vegetative  period  that  distinguishes  winter  and  spring 
wheats.  A  typical  winter  wheat,  in  the  north  temperate  zone,  will  not 
head  out  or  produce  grain  if  planted  in  the  spring.  It  remains  as  a  green 
grass  clump  all  summer  and  dies  the  following  winter.  If  it  is  pastured 
or  the  leaves  frequently  cut  off  during  the  summer,  it  may  live  through 
the  winter  and  the  following  summer  head  out  and  produce  a  normal  crop 
of  grain.  Spring  wheat,  planted  in  the  spring,  passes  through  the  vege- 
tative stage  in  a  few  weeks  and  then  the  culms  rapidly  elognate,  the  head 
develops,  and  a  normal  crop  is  produced.  If  both  are  planted  in  the  fall, 
the  winter  wheat  lives  through  the  freezing  and  thawing  of  a  severe  winter 
and  produces  a  normal  crop  the  following  harvest  under  conditions  in 
which  the  spring  variety  would  winterkill.  The  time  required  from 
flowering  to  the  maturing  of  the  grain  varies  greatly  with  the  changing 
climatic  conditions.  High  temperatures,  bright  sunlight,  and  strong 
winds  favor  rapid  maturation.  Cool,  cloudy  weather  with  little  wind 
favors  the  maximum  length  of  time  between  flowering  and  maturity. 
The  elongation  of  the  stems,  flowering,  and  fruiting  are  completed  in  from 
30  to  60  days  or  longer,  depending  upon  weather  conditions. 

Most  of  the  cultivated  wheats  are  of  the  species  Triticum  vulgare,  but 
in  certain  districts  the  durum  and  club  wheats  predominate.  Durum 
is  produced  in  the  Dakotas  and  western  Minnesota  principally,  and  the 
club  area  is  confined,  for  the  most  part,  to  the  Pacific  Northwest. 

Many  investigators  have  classified  comparative  susceptibility  to 
disease  according  to  genera  and  species.  (Jaczewski  (18),  Carleton  (<?), 
Freeman  and  Johnson  (12),  Stakman  (52),  Kirchner  (22),  and  Reed  (42).) 
For  wheat  they  have  shown  that  einkorn  is  generally  resistant  to  all 
rusts  and  mildews.  The  durums,  polish,  poulard,  and  some  of  the 
emmers  are  partially  resistant,  but  the  common  and  club  wheats,  the 
spelts  and  part  of  the  emmers  are  generally  classified  as  susceptible. 
This  shows  a  remarkable  parallelism  with  the  sterility  groups  and  sug- 
gests the  probability  that  the  physical  and  chemical  factor  differences 
that  cause  sterility  are  also  responsible  for  the  differences  in  resistance. 
It  would  be  expected,  if  this  were  the  case,  that  specific  sterility  factors 
would  be  linked  with  resistance,  and  both  would  be  linked  with  the 
morphological  differences  that  make  up  the  species.  Hayes,  Parker, 
and  Kurtzweil  (15)  actually  found  such  linkage,  together  with  the 
expected  sterility,  in  crosses  of  common  with  both  durum  and  emmer. 
Linkage  was  not  complete,  however,  for  out  of  a  large  number  they 
obtained  a  very  few  segregates  of  common  type  that  were  resistant  to 
stemrust  and  some  of  emmer  and  durum  type  that  were  susceptible. 
From  this  it  appears  that  the  physico-chemical  factor  complex  responsible 
for  sterility  in  crosses  of  so-called  immune  and  susceptible  races  is  not 
identical  with  those  producing  resistance,  although  very  closely  associated. 
In  fact,  certain  sterility  factors  may  be  the  identical  factors  that  cause 
certain  kinds  of  resistance,  for  resistance  is  specific  for  each  parasite. 
A  wheat  may  be  susceptible  to  stemrust  and  resistant  to  yellow  rust, 
or  resistant  to  mildew  and  susceptible  to  both  rusts  (2,  9). 
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Bunt,  like  the  rusts,  finds  certain  species  more  congenial  hosts  than 
others.  Table  I,  compiled  from  the  tests  of  19 19  and  1920  at  the  Wash- 
ington Agricultural  Experiment  Station,  Pullman,  Wash.,  shows  the 
comparative  resistance  of  the  eight  species  as  tested. 

Table  i. — Comparative  bunt  resistance  of  the  eight  species  of  wheat 


Species. 


Einkorn  (T.  monococcum 
Polish  (T.  polonicum) .  . 
Emmer  (T.  dicoccum) .  .  . 

Spelt  (T.  spelta) 

Durum  (T.  durum) 

Poulard  (T.  turgidum) .  . 
Club  (7\  compactum).  . . . 
Common  (T.  vulgare) .  .  . 


Total  num- 

Number of 

ber  of 

tests." 

plants 

counted. 

4 

87 

3 

66 

10 

155 

21 

5i5 

40 

1,256 

9 

264 

98 

4,296 

666 

25,009 

j   Percentage 
of  bunt 
produced. 


O.  O 

7-7 
9.6 


9- 

29. 

33- 
64 
70. 


a  The  actual  number  of  distinct  races  or  sorts  was  but  slightly  over  500  in  round  numbers.     Many  of  the 
1919  plantings  were  duplicated  in  1920. 

Taking  the  average  percentage  of  bunt  produced  as  the  index  of 
resistance,  the  eight  species  may  be  arranged  into  four  groups.  Ein- 
korn is  immune,  polish,  emmer,  and  spelt  are  very  resistant,  durum 
and  poulard  are  intermediate,  and  club  and  common  are  very  suscep- 
tible. It  would  require  a  much  more  exhaustive  test  to  establish  these 
findings  as  general  laws  for  specific  bunt  resistance,  but  there  are  two 
deductions  that  may  be  made.  i.  Species  of  Triticum  differ  in  their 
susceptibility  to  bunt  and  in  a  manner  analogous  to  specific  rust  resist- 
ance and  also  analogous  to  their  genetic  relationships.  2.  Spelt  forms 
a  notable  exception,  falling  into  the  very  resistant  class  instead  of  the 
susceptible  class  that  its  genetic  and  rust-resistance  relationships  call 
for.  These  relationships  are  established  by  the  work  of  several  investi- 
gators (15,  57,  58),  and  the  different  behavior  of  spelt  in  respect  to 
bunt  resistance  is  established  in  Table  1  by  the  performance  of  2 1  rows 
and  more  than  500  plants. 

It  has  been  found  that  the  common  and  club  wheats  vary  within 
rather  wide  limits  among  the  different  races  of  the  same  species,  a  few 
selections  of  both  being  very  resistant,  more  being  intermediate,  but 
the  majority  being  very  susceptible. 

Resistance  to  some  diseases  seems  to  break  down  when  the  host  is 
grown  in  another  environment.  The  information  available  on  bunt 
resistance  indicates  that  a  wheat  resistant  to  bunt  will  remain  so  in  all 
climates.  For  example,  Turkey  (Washington,  No.  326)  is  resistant 
under  conditions  favoring  maximum  infection  at  the  experiment  stations 
of  Kansas,  Minnesota,  California,  Oregon,  Idaho,  and  Washington. 

A  comparison  of  a  large  number  of  varieties,  known  to  be  pure  lines, 
in  two  districts  of  distinctly  different  climate  should  give  a  clear  idea 
of  the  probable  constancy  of  bunt  resistance  in  different  environments. 
This  can  best  be  done  by  means  of  a  correlation  table  in  which  the 
comparative  resistance  of  each  variety  in  one  locality  is  measured  in 
relation  to  its  comparative  resistance  in  the  other  locality.  If  there  is 
perfect  agreement,  the  coefficient  of  correlation  is  1.  If  they  vary  inde- 
pendently in  each  locality,  without  regard  to  the  comparative  resistance 
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in  the  other,  the  coefficient  of  correlation  equals  o.     Table  II  presents 
such  a  correlation. 

Table  II. — Correlation  of  ISO  varieties  of  wheat  in  respect  to  bunt  resistance  l 


Class  centers. 


5 

15 

25 

35 

45 

55 

65 

75 

85 

95 .••• 

Moro  frequencies. 


is 


25      35 


1  ... 

. . .      1 

2  .  . . 


45 


55 


I 

2 

5 
2 
1 

11 


65 


2 

I 
2 

3 

I 

10 


7S 


85 


3 

I 

I 

2 

4 

4 

6 

21 


4 

5 

6 

12 

30 


95 


2 

4 

1 

5 
30 
42 


Pullman 
frequen- 
cies. 


6 

3 

6 

6 

10 

8 

22 

16 

22 

5i 
150 


1  Percentage  of  bunt  at  Moro,  subject;  percentage  of  bunt  at  Pullman,  relative;  1919. 
Coefficient  of  correlation=o.654±o.o3i5. 

A  comparison  of  150  selections  of  wheat  (mostly  Triticum  vulgar e,  a 
few  being  club  and  durum)  tested  at  Pullman,  Wash.,  and  Moro,  Oreg., 
show  a  correlation  coefficient,  according  to  Table  II,  of  0.654  ±  0.0315. 
Moro  has  an  arid  climate  with  an  average  rainfall  of  11.6  inches.  The 
elevation  is  1,800  feet;  the  soil,  a  fine  silt  loam.  Pullman  has  an  annual 
rainfall  of  21  inches,  a  clay  loam  soil,  an  elevation  of  2,500  feet,  and  a 
lower  summer  temperature  than  Moro.  The  Moro  data  were  obtained  by 
counting  the  heads  of  bunt  and  wheat  from  which  the  percentages  were 
figured.  The  Pullman  figures  were  obtained  by  the  combination  plant 
and  head  count  described  on  page  460.  Taking  into  account  the  differences 
in  climate  and  methods,  the  high  correlation  is  significant.  It  shows  that 
resistance  and  susceptibility  are  fundamental  differences  and  are  not 
easily  changed  by  environmental  conditions.  A  large  number  of  these 
varieties  have  been  tested  at  Davis,  Calif.,  Aberdeen,  Idaho,  and  Cor- 
vallis,  Oreg.,  under  wide  differences  of  soil  and  climate,  and  the  indications 
are  that  the  common  varieties  that  are  decidedly  resistant  or  susceptible 
are  outstanding  in  those  respects  at  all  places  where  tested.  Table  II 
shows  only  four  varieties  less  than  10  per  cent  bunt  at  both  Stations,  but 
30  varieties  more  than  90  per  cent  susceptible.  The  average  of  all 
varieties  at  both  Stations  is  70  per  cent,  which  is  very  near  the  figure 
given  for  the  T.  vulgare  group  in  Table  I,  in  which  a  much  larger  number 
of  varieties  is  represented,  covering  the  two-year  test  (19 19  and  1920)  at 
Pullman. 

It  is  very  seldom  that  a  row  of  wheat,  containing,  say,  from  50  to  100 
plants  produces  nothing  but  bunt  heads,  no  matter  how  susceptible  the 
variety  is  or  how  favorable  the  conditions  for  infection  are.  A  small 
number  of  wheat  heads,  and  usually  a  few  plants,  escape  the  fungus  and 
produce  normal  seed.  It  might  be  assumed  that  these  occasional  plants 
were  resistant  mutants.  To  test  this  possibility  10  bunt-free  plants  of 
hybrid  143  were  selected  in  19 13,  and  for  three  years  smut-free  plants 
from  the  most  resistant  row  were  selected.  At  the  end  of  the  third  year 
the  selected  plants  produced  85  per  cent  of  bunt  as  compared  with  80 
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per  cent  for  the  unselected  check.  Other  tests  of  selections  from  Turkey 
and  Red  Russian  add  proof  to  the  conclusion  that  the  bunt-free  plants  in 
varieties  planted  under  conditions  favoring  maximum  infection  are  not 
resistant  mutants  but  rather  escape  infection  by  accident. 

BREEDING  FOR  BUNT  RESISTANCE 
METHODS 

In  testing  different  wheats  for  comparative  resistance  to  bunt,  condi- 
tions favoring  maximum  infection  were,  as  nearly  as  possible,  maintained. 
The  seed  was  inoculated  with  fresh  viable  spores  just  before  planting. 
This  was  accomplished  by  stirring  into  each  packet  of  seeds  from  1  to  5 
per  cent  of  its  weight  in  bunt  spores,  so  that  each  seed  was  literally 
blackened  by  spores  clinging  to  it,  besides  a  surplus  of  loose  spores  among 
the  seeds.  The  inoculum  was  obtained  from  the  smutted  heads  of  many 
different  varieties  of  wheat  in  the  field,  in  order  to  get  a  representative 
sample  of  the  organism  in  its  native  environment.  The  heads  were 
ground  up  and  the  spores  sifted  out  and  kept*  in  a  cool,  dry  place  during 
the  planting  season.  The  packets  of  inoculated  seeds  were  planted  by 
hand  in  rows  18  inches  apart.  The  seeds  were  spaced  4  to  6  inches  apart 
in  the  row  to  avoid  confusion  in  separating  the  plants  at  harvest  time. 
Each  experiment,  whether  a  variety  test  or  an  F3  family,  was  planted  at 
approximately  the  same  date  to  avoid  error  due  to  changing  seasonal 
conditions.  As  many  as  10  men  were  required  at  times  in  order  to  plant 
a  given  experiment  in  a  single  day. 

The  field  was  kept  free  of  weeds  and  volunteer  grain  by  rotation  and 
cultivation,  corn  and  field  peas  preceding  the  cereal  nursery  in  a  3-year 
rotation  in  every  case.  The  rainless  summers  of  eastern  Washington 
make  clean  cultivation  under  these  conditions  comparatively  easy. 
A  stake  bearing  a  printed  label  with  date,  name  of  experiment,  name  of 
variety  and  pedigree  number  was  placed  at  the  end  of  each  row.  The 
records  at  harvest  time  were  obtained  as  follows:  To  get  a  quantitative 
measure  of  resistance,  the  plants  of  each  row  were  pulled  and  separated 
into  three  piles  (bunt-free,  all  bunt,  and  part  bunt) ;  and  the  number  of 
plants  in  each  was  recorded  in  a  field  note  book.  The  partly  bunted 
plants  were  then  divided  into  heads  of  wheat  and  heads  of  bunt,  and  the 
numbers  were  entered  in  their  proper  columns.  With  these  five  figures 
it  is  easy  to  reduce  the  amount  of  bunt  in  a  given  row  to  terms  of  a  single 
number  for  direct  comparison  with  the  amount  produced  by  any  other 
row.  The  computation  used  gives  the  total  bunt  in  terms  of  percentage 
of  the  whole  row,  according  to  the  formula  ab  +  c  =  d,  in  which  a  is  the 
percentage  of  bunted  heads  on  the  partly  bunted  plants,  b  is  the  percent- 
age of  partly  bunted  plants  in  the  row,  c  is  the  percentage  of  entirely 
bunted  plants  in  the  row,  and  d  is  the  total  percentage  of  the  row 
that  is  bunted.  The  computations  were  made  with  a  calculating 
machine  and  checked  with  a  slide  rule.  The  results  thus  obtained  are 
not  materially  different  from  those  obtainable  by  a  straight  head  count 
of  all  the  heads  in  the  row.  This  method  takes  much  less  time  and  gives 
information  that  a  straight  head  count  would  not  give — that  is,  the 
quantity  of  partly  bunted  plants  and  the  amount  of  wheat  produced  on 
them,  which  in  itself  is  an  important  measure  of  resistance,  and  is  useful 
in  checking  errors  in  counting  or  computations. 

The  work  was  all  carried  on  out  of  doors,  in  the  field,  the  main  care 
being  to  have  uniform  conditions  for  all  the  rows  of  a  given  test,  so  that 
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the  differences  in  bunt  resistance  would  be  attributable  directly  to 
differences  in  the  constitutional  make-up  of  the  wheats  compared. 

PARENT  STOCK 

Of  the  eight  varieties  to  be  discussed  in  relation  to  their  bunt  resistance, 
six  are  of  wide  commercial  importance.  Hybrid  128,  Turkey,  Fortyfold, 
Red  Russian,  and  Jones  Winter  Fife  are  the  five  most  important  winter 
wheats  in  the  State  of  Washington  and  are  named  in  the  order  of  their 
importance  from  the  standpoint  of  total  production.  They  represent 
more  than  three-fourths  of  the  winter  wheat  produced  in  the  Northwest. 
Alaska  is  not  commercially  grown  except  in  isolated  sections  where  an 
occasional  farmer  has  been  the  victim  of  propagandists  who  have  made 
extravagant  claims  for  it  as  a  wonderfully  productive  and  hardy  wheat. 
Of  the  two  spring  varieties,  Marquis  is  third  in  production  in  Washington 
and  is  universally  grown  in  the  Great  Plains  area  of  the  United  States 
and  in  northwestern  Canada.  Florence  is  of  some  importance  in  Aus- 
tralia but  has  not  been  grown  in  America  except  for  experimental  purposes. 

Taxonomically  all  are  Triticum  vulgare  except  Hybrid  128,  which 
belongs  to  T.  compactum  and  Alaska  which  is  a  poulard,  T.  turgidum. 
Turkey,  Florence,  and  Alaska  are  resistant  (PI.  2,  B)  and  Hybrid  128 
and  Jones  Winter  Fife  are  susceptible  to  bunt  under  all  conditions. 
Fortyfold  and  Red  Russian  are  intermediate  but  approaching  the 
susceptible  varieties  (PI.  3,  A).  Marquis  is  resistant  when  sown  in  the 
spring  but  intermediate  or  susceptible  when  fall-sown.  Table  III  gives 
the  amount  of  bunt  produced  in  the  tests  from  19 15  to  1920.  The 
season  of  19 17  was  very  unfavorable,  and  the  wheat  did  not  come  up  till 
spring.  Since  none  of  the  varieties  produced  any  appreciable  amount 
of  buntl  the  record  of  that  year  is  omitted. 

TABLE  III. — Annual  percentage  of  bunt  produced  on  parent  stock  for  the  years  iqi$ 
to  IQ20,  with  the  3-year  average  for  igi8  to  IQ20,  and  the  total  number  of  plants  in  the 
tests  during  the  latter  period 


Variety. 


Turkey , 

Marquis  a 

Florence 

Alaska 

Red  Russian , 

Fortyfold 

Hybrid  128 

Jones  Winter  Fife 

Average  first  4  varie- 
ties   

Average  last  4  varie- 
ties   

Average  of  both  resist- 
ant and  suscepti- 
ble& 


Percentage  of  bunt. 


1915 


4.6 


67.8 

73-  5 
86.6 

89-3 


79-3 


1916 


i-7 


85.6 
71.  2 
96.4 
87.4 


85.2 


1918 


0.6 

3-4 

•9 
.  o 

49-9 
49.  6 

63.0 
78.3 

1.  2 
60.  2 

3°-7 


1919 


2.4 

7-3 
8.  1 

7-i 
77-4 
76.4 
98.  1 
94-  2 

6.2 
86.5 


46.4 


1920 


7.6 

3-5 
12.  2 


20. 
56. 
65- 

77- 
73- 


10.  8 


68. 


39-5 


Average 
1918-1920. 


3-5 
4-7 
7-i 
9.1 
61.  1 

63- 7 
79.6 
82.0 

4-5 
75-9 

38.9 


Total 
number 
of  plants 
in  3  years 
1918-1920. 


2,883 

813 

880 

312 

2,  Il8 

479 
685 

317 


«  Marquis  was  spring-sown.    All  the  others  were  sown  in  the  fall  throughout  the  tests. 
6  See  Plates  2,  B,  and  3,  A,  for  the  type  of  heads  of  these  eight  parent  varieties. 
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There  is  considerable  variation  from  year  to  year,  but  the  varieties 
generally  maintain  their  relative  positions.  The  four  resistant  ones  are 
always  comparatively  resistant  and  the  susceptible  ones  are  always 
comparatively  susceptible,  regardless  of  seasonal  fluctuations.  Turkey, 
representing  the  extreme  resistant  type,  and  Fife,  representing  the 
extreme  susceptible  type,  show  less  variation  than  the  others.  Marquis 
shows  less  variation  than  any  of  the  others  during  the  three  years  recorded 
and  is  so  uniformly  resistant  that  farmers  often  take  advantage  of  it  and 
do  not  treat  the  seed  before  planting.  It  was  a  matter  of  considerable 
surprise,  therefore,  when  it  was  discovered  that  Marquis  was  susceptible 
when  planted  in  the  fall.  In  19 19  a  fall  sown  row  of  inoculated  seed 
produced  661  heads,  489,  or  74  per  cent,  of  which  were  bunted.  The 
same  phenomenon  was  observed  in  1920,  the  14  plants  that  survived  the 
winter  producing  31  per  cent  bunt,  compared  with  3.5  per  cent  produced 
from  a  spring  planting  of  90  plants  in  the  same  field.  The  record  of 
Florence,  the  other  spring  wheat,  is  taken  from  fall  sowings  but  is  some- 
what more  resistant  when  spring-sown.  Evidently  the  resistance  of 
Marquis  is  different  from  that  of  the  others,  inasmuch  as  it  is  neutralized 
by  the  lowered  temperature  or  the  winter  rest  period.  There  seems  to 
be  no  peculiar  habit  of  growth  or  taxonomic  difference  associated  with 
this  loss  in  resistance,  but  it  is  a  constantly  recurrent  phenomenon 
obtaining  wherever  tested.  An  example  of  the  uniformity  of  these 
reactions  is  shown  in  the  records  from  Davis,  Calif.  Seed  of  the  three 
varieties  Turkey,  Florence,  and  Marquis  was  sent  to  that  Station  to 
be  tested  for  bunt  resistance  in  the  season  of  1920.  Plantings  of  each  were 
made  November  4  and  December  21,  1919.  More  than  a  thousand  heads 
of  each  were  produced  in  1920,  of  which  Marquis  contained  37  per  cent 
of  bunt  heads,  Turkey  and  Florence  containing  but  7  and  6  per  cent, 
respectively.     The  spring  sowing  of  Marquis  was  uniformly  resistant. 

This  does  not  mean  that  all  the  others  have  the  same  kind  of  resist- 
ance. In  fact  they  have  not,  according  to  the  segregation  tests  of  their 
hybrid  progeny,  as  will  be  shown  later.  It  seems  probable,  from  a 
study  of  Table  III,  that  the  different  wheats  do  not  react  the  same  to 
climatic  influences  from  year  to  year.  For  example,  in  1920  the  re- 
sistant varieties  (with  the  exception  of  Marquis)  produced  more  than 
twice  as  much  bunt  as  their  3-year  average  shows,  while  the  four  sus- 
ceptible varieties  produced  an  average  of  7.8  per  cent  less  in  a  similar 
comparison.  The  reverse  condition  obtained  in  1916,  while  in  19 18 
all  varieties  produced  less  than  normal,  and  in  19 19  all  but  Turkey 
and  Alaska  produced  more  than  normal.  It  is  very  evident  that  a 
"good"  or  "bad"  smut  year  does  not  apply  equally  to  all  varieties. 

The  percentage  of  bunt  produced  on  the  partly  bunted  plants  was 
much  less  on  the  resistant  than  on  the  susceptible  varieties,  the  ratio 
being  25  to  67  when  the  four  resistant  varieties  of  Table  III  are  com- 
pared with  the  four  susceptible  ones.  This  may  be  taken  as  an  argu- 
ment in  favor  of  the  physico-chemical  nature  of  resistance,  for  here 
there  can  be  no  question  about  the  plants  being  infected.  The  difference 
is  plainly  one  of  greater  incompatibility  of  the  resistant  hosts.  The 
ratio  of  total  bunt  4.5  to  75.9,  however,  shows  a  much  stronger  contrast 
and  is  the  just  and  proper  one  to  use  as  a  quantitative  measure  of  re- 
sistance or  susceptibility. 
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SEGREGATION   OF   HYBRIDS 

Only  a  few  of  the  possible  combinations  of  the  eight  parent  types 
have  been  made,  but  the  data  obtained  are  sufficient  to  show  the  general 
type  of  the  inheritance  to  be  expected,  and  the  crosses  described  below 
have  been  tested  in  sufficient  quantities  and  over  a  long  enough  period 
of  time  to  warrant  the  conclusion  that  resistance  is  definitely  heritable 
according  to  the  commonly  recognized  laws  of  genetics.  Three  types 
of  crosses  have  been  made:  resistant  X  resistant,  resistant  X  suscept- 
ible, and  susceptible  X  susceptible.  Because  a  smutted  plant  is  auto- 
matically eliminated  from  further  testing,  as  it  produces  no  progeny,  the 
seed  for  the  Fx  and  F2  generations  were  not  inoculated  with  spores  but  were 
treated  with  formaldehyde  instead,  so  that  both  susceptible  and  resist- 
ant segregates  were  saved  for  the  F3  generation,  which  was  thus  the  real 
beginning  of  the  test.  F2  sibs  had  been  saved,  however,  so  that  F2  sib 
rows  could  be  tested  with  the  F3's  the  same  season,  under  the  same  con- 
ditions. Thus  the  parent  varieties,  the  F2's  and  the  F3's  were  all  tested 
at  the  same  time  in  the  five  crosses  that  have  been  carried  on  in  sufficient 
numbers,  and  under  such  conditions  as  to  make  the  results  significant. 
The  amount  of  bunt  produced  per  row  in  the  segregates  of  the  F3  genera- 
tions has  been  arbitrarily  put  into  10  groups,  each  class  having  an  ampli- 
tude of  10  per  cent.  The  numbers  in  each  class  of  10  crosses  is  given 
in  Table  IV. 

Table  IV. — Number  of  F3  rows  falling  into  each  class,  when  tlw  percentage  of  bunt 
produced  from  o  to  ioo  is  divided  into  10  equal  parts 


Variety." 


AXT.... 

T  XF 

TXH.... 

T  X  R 

Fd  X  T. . . . 

A  X  J 

Fd  X  R. ... 

H  X  M 

A  XR.  .  .. 
A  X  Fd .  .  . 


Number  of  rows  falling  into  class  with  average  percentage  of  bunt — 
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35 

43 

55 
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85 
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0 

3 
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! 

1 
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6 

6 
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2 

1 
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IS 

1.3 

9 

23 

28 

33 

36 

35 

11 
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9 

6 

1 

4 

2 

1 

2 

0 

O 

4i 

64 

37 

63 

97 
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85 

59 

38 

5 

6 

0 

0 

2 

2 

0 

1 

4 

9 

0 

1 

17 

34 

55 

40 

27 

5 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

53 

276 

1 

0 

2 

0 

1 

1 

2 

1 

2 

1 

0 

1 

3 

2 

1 

6 

5 

1 

1 

Total 
number 
of  rows. 


14 
168 
194 

42 

6  593 

24 

181 

334 
11 
21 


a  T=  Turkey,  A=  Alaska,  F=  Florence,  H=Hybrid  128,  Fd=  Forty  fold,  T= Jones  Winter  Fife,  M=Mar- 
quis,  R=Red  Russian. 

f>  From  42  plants  selected  at  random  from  an  F3  population,  which  makes  these  figures  really  F<'s  in  which 
there  has  been  no  selective  elimination  of  susceptible  segregates  in  earlier  generations. 

The  average  number  of  plants  per  row  varied  in  the  different  crosses 
from  12.6  to  60.8,  and  more  than  60,000  plants  were  counted  in  deter- 
mining the  bunt  percentages  of  the  1,582  rows  listed  in  Table  IV.  The 
fact  that  the  tests  were  made  during  four  different  years  makes  com- 
parison difficult,  in  one  way;  yet  it  tends  to  add  weight  to  the  general 
conclusions  regarding  the  inheritance  of  resistance,  because  of  the  very 
fact  that  the  different  seasons  are  included.  All  of  the  rows  in  which 
Alaska  was  one  of  the  parents  were  grown  in  1916.  The  Turkey  crosses 
(except  with  Alaska  and  Fortyfold)  were  tested  in  19 18.  Hybrid  128  X 
Marquis  was  tested  in  1919,  and  the  other  two,  Fortyfold  X  Turkey  and 
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Fortyfold  X  Red  Russian,  were  tested  in  1920.  Only  the  five  crosses  in 
which  the  number  of  rows  exceed  100  will  be  considered  in  detail,  as  the 
others  are  too  few  in  number  for  analysis.  The  others  may  be  discussed 
briefly  as  follows :  All  four  of  the  crosses  in  which  Alaska  was  the  original 
male  progenitor  produced  a  high  degree  of  sterility,  which,  combined  with 
lack  of  winter  hardiness,  made  it  difficult  to  obtain  large  numbers.  The 
figures  as  given,  however,  show  that  there  is  segregation,  as  both  re- 
sistant and  susceptible  sorts  were  obtained  in  every  case.     Moreover, 
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Fig.  1. — Graphical  representation  of  bunt  resistance  in  the  Fi  generation  of  5  different  types  of  crosses. 
Three  classes  of  parents  were  used:  Resistant,  Turkey  (3.5),  Florence  (7.1); Intermediate,  Fortyfold  (63.7), 
Red  Russian  (61. 1);  Susceptible,  Marquis  (74).  Hybrid  118(79.6).  Figures  in  parentheses  refer  to  average 
percentage  of  bunt  produced  under  conditions  favoring  maximum  infection.)  The  crosses  of  Hybrid 
128  with  Turkey  and  Marquis  reproduce  only  the  extremes  of  the  parents.  In  the  other  crosses  transgres- 
sive  inheritance  occurred — that  is,  segregates  were  obtained  more  resistant  and  more  susceptible  than 
the  extremes  of  the  parents. 

the  susceptible  classes  occur  with  greater  frequency  than  the  resistant 
ones  in  the  crosses  of  Alaska  and  the  three  susceptible  varieties,  Jones 
Winter  Fife,  Fortyfold,  and  Red  Russian.  Crossed  with  the  resistant 
Turkey,  a  majority  of  the  F3  rows  are  resistant.  In  fact  one  of  the 
selections  which  was  sent  to  the  Oregon  Station  has  been  found  more 
resistant  than  either  parent  there  and  has  proved  so  promising  from  a 
commercial  standpoint  that  it  has  been  continued  to  the  seventh  genera- 
tion. Five  F4  selections  and  18  selections  in  the  F5  generation  were 
grown  at  Pullman  from  one  F3  row  that  was  entirely  bunt-free,  and  never 
a  trace  of  bunt  could  be  found  in  any  later  generation,  although  Turkey 
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and  Alaska,  the  parent  strains,  produced  a  small  amount  of  bunt  each 
year. 

An  exhaustive  test  of  Turkey  X  Red  Russian  was  attempted  in  19 17, 
but  the  season  was  so  unfavorable  that  the  grain  winter-killed  badly 
and  much  of  it  did  not  germinate  till  spring,  during  which  time  the 
bunt  spores  with  which  the  seeds  had  been  inoculated  probably  perished, 
for  out  of  513  rows  planted,  but  2  produced  as  much  as  10  per  cent 
of  bunted  heads.  Random  selection  of  42  plants  from  this  F3  generation 
gave  a  preponderance  of  resistant  type  in  the  F4  generation  but  was 
not  carried  further. 

There  are  five  families  in  which  the  numbers  are  sufficiently  large 
and  the  seasons  sufficiently  favorable  to  give  results  that  are  dependable 
for  purposes  of  comparison.     The  distribution  of  the  different  classes 
has  been  refigured  on  the  basis  of  the  number  of  each  class  per  1,000 
rows  and  the  result  put  in  the  form  of  curves  in  figure  1  in  which  the 
ordinates  represent  the  number  in  each  class  and  the  abscissas  represent 
the  different  classes.     There  are  four  distinct  types  of  curves,  one  in 
which  the  5  per  cent  class  predominates,  one  in  which  the  95  per  cent 
class  predominates,  one  in  which  the  35  per  cent  class  predominates, 
and  two  in  which  the  major  predominating  class  is  55  or  65  per  cent 
and  a  minor  class  predominating  on  the  resistant  end  of  the  curve, 
and  a  low  center  at  the  25  per  cent  class.     These  two  similar  crosses 
are  not  so  similar  in  reality  as  they  appear  from  the  position  of  the 
curves,  for  the  data  from  which  the  curve  representing  the  F3  generation 
of  Turkey  X  Hybrid  128  was  taken  was  obtained  in  19 18,  while  the 
other  curve  representing  the  data  of  the  F3  generation  of  Fortyfold  X 
Turkey  was   obtained   in    1920.     Reference  to   Table   III   shows   that 
the  three  parent  wheats  produced  an  average  of  13  per  cent  more  bunt 
in  1920  than  in  1918.     If  the  curves  were  corrected  for  this  seasonal 
difference,  the  F3  generation  of  Turkey  X  Fortyfold  would  show  a  parallel 
curve  that  would  be  from  10  to  20  per  cent  more  resistant  than  the  F3 
generation  of  Hybrid   128  X  Turkey.      Turkey  is  one  of  the  parents 
in  both  crosses,  so  the  difference  in  the  two  curves  must  be  due  to  the 
difference  in  the  inheritance  of  the  other  two  parents,  Fortyfold  and 
Hybrid  128.     It  seems  more  than  coincidence  that  the  5-year  average 
of  the  two  wheats  (Table  III)  should  show  17  per  cent  less  bunt  pro- 
duced by  Fortyfold  than  by  Hybrid  128.     In  fact  the  F3  generation 
of  Fortyfold  X  Turkey  shows  a  mean  of  2.3  per  cent  less  bunt  than  the 
mean  of  the  other  F3  generation  notwithstanding  the  more  favorable 
season  for  bunt  in  which  it  was  grown.     Any  combination  of  the  parents 
in  question  shows  from  10  to  15  per  cent  more  bunt  in  1920  than  in  19 18. 
The  seasonal  differences  of  each  parent  is,  for  Turkey,  7  per  cent,  for 
Hybrid  128,  14,6  per  cent,  and  for  Fortyfold,  15.6  per  cent.     It  seems, 
therefore,  that  the  curves  in  question  should  be  separated,  on  account 
of  seasonal  differences,  by  at  least  one  class,  or  somewhere  between 
7  and  15.6  per  cent.     In  other  words  if  the  F3  generation  of  Turkey  X 
Hybrid  128  had  been  tested  in  1920  instead  of  1918  the  194  rows  tested 
would  have  produced  between  7  and   14  per  cent  more  bunt  on  the 
average  than  they  did.     This  would  have  been  between  9.3  and  16.9 
per  cent  more  than  the  F3  generation  of  Fortyfold  X  Turkey  actually 
did  produce  in  1920.     The  picture  of  the  inheritance  of  these  two  crosses 
is  one  in  which  susceptibility  is  dominant,  with  the  susceptible  segregates 
fluctuating  around  the  mean  of  the  susceptible  parent  in  each  case. 
A  study  of  the  material  in  the  field  revealed  an  important  difference 
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in  the  two  F3's  that  the  figures  in  Table  IV  or  the  curves  in  figure 
i  do  not  show  clearly,  namely,  that  transgressive  segregation  occurred 
in  the  F3  generation  of  Fortyfold  X  Turkey,  there  being  five  rows 
decidedly  more  resistant  than  Turkey  and  many  rows  more  susceptible 
than  Fortyfold.  This  phenomenon  was  not  observed  in  the  other  F3 
generation,  in  19 18.  Turkey  was  just  as  resistant  and  Hybrid  128 
just  as  susceptible  as  the  extremes  of  the  segregates.  This  suggests 
the  idea  that  Fortyfold  carries  an  element  of  resistance  different  than 
the  elements  of  resistance  in  Turkey,  which,  added  to  it,  produces  a 
wheat  more  resistant  than  Turkey,  and  without  which  the  segregate 
becomes  as  susceptible  as  Hybrid  128.  In  susceptible  segregates  this 
Fortyfold  element  of  resistance  has  a  value  of  from  10  to  20  per  cent, 
but  in  resistant  segregates  the  value  lies  between  1  and  7  per  cent, 
depending  upon  the  season.  It  will  require  tests  in  later  generations 
to  establish  this  hypothesis  beyond  question,  and  this  is  being  done. 

It  is  difficult  to  place  these  phenomena  of  inheritance  on  a  factorial 
basis  on  account  of  the  seasonal  fluctuations  and  the  quantitative  and 
comparative  nature  of  the  material.  It  is  quite  evident,  nevertheless, 
that  Turkey  has  several  times  as  much  resistance  to  bunt  as  Fortyfold. 
It  is  also  evident,  from  the  performance  of  the  segregates  of  Turkey  X 
Hybrid  128  in  the  F4  and  F5  generations,  that  this  "Turkey  resistance" 
splits  up  into  its  component  parts  when  crossed  with  other  wheats  of  dif- 
ferent constitution.  Table  V  shows  the  comparative  resistance  of  144 
F4  rows  (the  offspring  of  144  F3  plants,  selected  from  nine  different  F3 
rows) ,  in  comparison  with  the  parent  rows  from  which  they  came. 

The  nine  F3  rows  from  which  the  selections  were  made  were  the  most 
resistant  segregates  of  beardless,  club,  winter  hardy  type  (characters 
which  were  also  being  studied).  It  has  been  shown  in  an  earlier  paper 
(14)  that  resistance  in  this  cross  is  not  linked  with  the  external  charac- 
ters studied.  In  comparing  the  third  column,  "Bunt  in  F3  generation" 
with  the  others,  it  must  be  borne  in  mind  that  these  figures  were  obtained 
in  19 1 8  and  that  the  F4  percentages  were  obtained  in  19 19,  in  which  year 
(according  to  Table  III)  the  parents  showed  18.4  per  cent  more  bunt 
than  in  the  year  in  which  the  F3  generation  were  tested. 

Table  V. — Distribution  of  bunt  resistance  of  Turkey  X  Hybrid  128  in  the  F4  generation 

from  g  resistant  F3  rows 
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The  season  of  19 19  was  very  favorable,  and  an  average  of  60  plants  per 
row  was  obtained.  Four  of  the  9  F3  segregates  produced  F4  progeny 
almost  as  resistant  as  the  resistant  parent,  Turkey.  The  range  of  bunt 
produced  by  the  different  F4  rows  indicates-  that  the  F3  row  from  which 
they  were  selected  was  probably  heterozygous  for  resistance  in  every  case, 
the  range  being  from  12.2  to  39.2  per  cent,  which  is  a  larger  fluctuation 
than  Turkey.  (Ten  rows  of  Turkey  were  grown  in  this  same  series,  for 
comparison,  the  extremes  of  variation  being  0.7  and  6.9  per  cent.)  There 
was,  however,  not  one  of  the  144  rows  in  which  the  plants  did  not  evidence 
some  of  the  resistance  of  the  Turkey  parent,  for  the  susceptible  parent, 
Hybrid  128,  growing  alongside  of  the  F4  rows  contained  98  per  cent  of 
bunt,  whereas  the  worst  F4  row  produced  less  than  60  per  cent.  The  dif- 
ference was  even  more  outstanding  in  the  field  than  the  figures  indicate. 
Taxonomically  the  F4  rows  resembled  very  closely  the  susceptible  Hybrid 
128,  but  the  bunt-infected  plants  were  very  different.  Once  a  plant  of 
Hybrid  128  became  infected  it  seldom  produced  any  wheat.  Out  of  125 
infected  plants  but  3  produced  wheat,  while  25  of  the  F4  rows  produced 
some  heads  of  wheat  on  every  one  of  the  infected  plants,  and  only  1 1  of 
the  144  F4  rows  contained  more  than  10  wholly  smutted  plants. 

The  plants  in  5  of  the  29  F4  rows  from  F3  row  No.  13 12  were  superior 
in  yield  and  quality  and  were  very  resistant;  they  became  the  progeni- 
tors, therefore,  of  the  F5  selections,  five  F4  plants  being  selected  from  each 
row.  Five  plants  were  also  selected  from  each  of  two  other  F4  rows  for 
test  in  the  fifth  generation.  Thus  the  individuals  of  35  F5  rows  repre- 
senting 3  F3,  and  through  them  7  F4  families  were  tested  for  bunt  resist- 
ance in  1920.  Ten  of  these  rows — that  is,  2  of  the  F4  families — were 
selected  for  susceptibility  instead  of  resistance  to  see  whether  the  amount 
of  bunt  could  be  increased  by  selection  after  two  generations  of  selection 
in  the  opposite  direction.     The  data  are  summarized  in  Table  VI. 

Table  VI. — Distribution  of  bunt  resistance  in  the  F5  generation  of  Turkey  X  Hybrid  128 
selected  from  five  resistant  and  two  intermediate  F4  families 
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Fs  plants 

per  row. 


43 
43 
52 
59 
48 
60 

45 


Bunt  in 
F4  row. 


Per  cent. 

4-3 

7-5 

7-9 
8.2 

8-5 

27.7 

37-5 


Average 

bunt  of 

S  Fi  rows. 


Per  cent. 

13- 3 

19.4 

9.1 

18.3 

J4-7 
23.2 

48.3 


Range  of  bunt  in  Fi 
rows. 


Lowest. 


Per  cent. 

3-3 
16.  1 

3-  1 
9.2 

9.1 

10.8 

28.8 


Highest. 


Per  cent. 
22.  2 
22.  9 

15-  2 
35-8 
18.8 

37-8 
67.7 


The  five  plants  selected  from  row  1470  were  apparently  homozygous 
for  resistance  in  the  F4  generation  but  lacked  an  element  of  resistance 
that  Turkey  possesses,  for  they  varied  around  the  mean  19.4  per  cent 
while  Turkey  in  1920  varied  around  the  mean  7.6  per  cent — the  worst 
year  for  Turkey  since  the  tests  began  in  1914.  The  numbers  1426  and 
1392  of  Table  VI  show  that  they  were  heterozygous  and  that  suscepti- 
bility can  be  increased  by  selecting  in  that  direction,  for  one  row  was 
within  10  per  cent  of  being  as  bad  as  Hybrid  128. 
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The  total  populations  of  the  F4  and  F5  generations  are  presented  in 
figure  2  in  terms  of  the  distribution  of  rows  in  the  different  classes  per 
thousand,  similar  to  the  F3  distribution  in  figure  i.  It  will  be  seen  that 
the  F4  and  F5  generations  very  nearly  parallel  each  other.  If  the  two 
susceptible  lines  had  been  eliminated,  the  other  five  would  show  decidedly 
greater  resistance  than  the  F4  generation  in  spite  of  the  fact  that  resistant 
varieties  generally  were  twice  as  badly  smutted  in  1920.  (See  Table 
III.)  Figure  2  may  be  taken  to  fairly  represent  the  first  peak  of  re- 
sistant segregates  of  the  F3  curve  in  Figure  1.  No  doubt  subsequent 
selections  will  isolate  the  full  resistant  qualities  of  Turkey  in  the  progeny 
in  the  homozygous  condition.  It  is  not  unlikely  that  some  of  the  F5  rows 
are  already  in  that  condition  and  can  not  be  changed  by  selection. 
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FtG.  a. — Graphical  representation  of  resistant  segregates  in  later  generations.  The  similarity  of  the*F<  and 
Fo  segregates  indicates  the  constancy  of  the  selections.  The  increase  on  the  susceptible  end  of.the^Fo 
curve  is  due  to  the  selection  of  10  families  in  that  direction  from  the  F4. 

For  convenience  in  summarizing  the  data  in  respect  to  the  bunt  re- 
sistance of  Turkey  and  Hybrid  128  and  the  progeny  of  a  cross  between 
them,  Table  VII  has  been  prepared.  It  should  be  kept  in  mind  that  the 
result  of  a  given  generation  represents  the  constitution  of  the  generation 
preceding.  Thus  the  results  of  the  F3  generation  show  that  the  F2 
generation  reproduced  the  extremes  of  the  parents  with  a  rather  indefi- 
nite frequency  center  near  each  parent  center.  The  great  majority- 
tended  toward  the  center  of  Hubrid  128,  indicating  dominance  of  suscepti- 
bility. Similarly  the  F4  and  F5  class  frequencies  indicate  the  constitu- 
tional resistance  of  the  F3  and  F4  generations.  Each  later  generation 
shows  less  variation  than  the  one  preceding,  as  would  be  expected  in  a 
self-fertilized  race  when  selected  in  the  direction  of  the  recessive  class 
center. 
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Table  VII. — Frequency  distribution  for  resistance  to  bunt  in  a  cross  between  two  varieties 

of  wheat,  one  resistant,  the  other  susceptible 


Variety. 

Year 
tested. 

Bunt  in  parent 
row. 

Numbers  falling  into  classes  with  average  percentage  of 
bunt  per  row  of — 

s 

IS 

25 

35 

45 

55 

65 

75 

85 

95 

(   1918 
1919 

[   1920 
1918 

j   J9i9 

{  1920 

1918 

1918 

1919 
1920 

Per  cent. 

0-5 

.6 

2.4 

Not  tested. 

63.0 

98.  1 

Not  tested. 

do 

r          1-9 
4.8 

6.4 

6.6 

7.0 

7-i 
9.8 

13-4 
14.6 

f                 4-3 
7-5 

7-9 

8.2 

27.7 

I                37-5 

7 
11 

5 

Turkey 

. . . . 

1 

5 

2 

Hybrid  128... 

2 

1 

3 
1 

25 

3 

TXHF2 

1 

23 
1 

3 
1 

28 

I 

33 

TXHF3.... 

15 

12 

1 

13 
10 
12 

9 
3 
6 

1 
1 
3 
3 

5 

1 

6 
1 
2 

11 

1 

3 
8 

1 

3 

1 

10 
16 

5 
2 

4 
2 

3 
3 
2 

3 
2 

TXHF4 

3 

2 
2 

3 

1 

3 
1 

4 

2 

2 

TXHF6.... 

1 
2 

1 

1 
1 



2 

1 

Table  VIII  gives  the  class  frequencies  of  Turkey  and  Florence  in  respect 
to  bunt  resistance  as  well  as  those  of  the  progeny  obtained  from  a  cross 
between  them.  An  extra  column,  not  given  in  Table  VII,  has  been 
added  to  show  the  rows  that  were  entirely  without  visible  infection  when 
harvested. 

It  will  be  seen  that  the  F2  generation  (the  constitution  of  which  is 
shown  by  the  F3  class  frequencies)  shows  transgressive  inheritance,  with 
the  greatest  frequency  coinciding  with  the  average  resistance  of  the 
parents,  if  it  be  assumed  that  the  72  immune  segregates  varied  in  the 
intensity  of  their  resistance  in  proportion  to  those  in  the  direction  of  the 
susceptible  end  of  the  table.  Such  an  assumption  seems  warrantable 
from  the  records  of  the  F4  and  F5  generations,  for  they  were  more  resis- 
tant than  the  parents,  and  only  a  trace  of  bunt  appeared  in  each  genera- 
tion in  a  few  of  the  rows.  The  F5  generation  shows  that  19  out  of  25 
rows  were  bunt-free  (immune),  and  their  ancestry  had  been  bunt-free 
since  the  cross  was  made.  Thus,  for  three  generations  these  selections 
have  not  produced  a  trace  of  bunt,  although  planted  each  year  under 
conditions  favoring  maximum  infection — that  is,  the  seed  was  blackened 
with  spores.  The  parents  produced  an  average  of  3.5  and  7.1  per  cent 
under  the  same  conditions,  and  other  varieities,  classed  as  susceptible 
produced  as  much  as  80  per  cent  of  bunt. 
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Table  VIII. — Frequency  distribution  for  resistance  to  bunt  in  a  cross  between  two 
varieties  of  Triticum  vulgare,  both  of  which  are  resistant 


Year 
tested. 

Bunt  in  parent 
row. 

Numbers  falling  into  classes  with  average  percentage  of 
bunt  per  row  of — 

Variety. 

Im- 
mune. 

s 

6 
11 

5 
2 

2 

1 

1 

29 

1 
2 
8 

15 

2S 

35 

45 

55 

65 

75 

85 

95 

[1918 

J1919 

I1920 

1918 

1919 

1020 

Per  cent. 

o-5 
.6 

2.4 
.  0 

■9 

8.1 

Not  tested. 

do 

.  0 
.  0 

3-2 

a  67.  7 
.  0 
.0 
.  0 

1    ;; 

1 
I 

72 
II 
9 
3 
3 
2 

3 
5 
4 
5 
2 

Turkey  326 

1 

Florence  634. . .  . 

1 
J9 

2 

326X614  Fo 1018 

326X634  F3 

1918 
1919 

1920 

18 

12 

6 

6 

3 

2 

I 

326X634  F4 

5 
2 

326X634  F8 

1 

3 

o  This  is  evidently  a  mistake.    The  row  next  to  it  was  immune,  and  it  seems  probable  that  the  numbers 
got  mixed  at  harvest  time,  for  the  three  selections  showed  no  trace  of  bunt  the  following  year. 

In  19 19  an  Fs  family  of  Hybrid  128  X  Marquis  was  produced  to  test 
the  inheritance  of  the  resistance  of  Marquis  to  bunt.  Information 
regarding  the  inheritance  of  Hybrid  128  had  been  obtained  the  year 
before  from  the  Fs  generation  of  the  cross  between  this  variety  and 
Turkey.  The  question  arose  as  to  whether  the  seed  should  be  planted 
in  the  fall  or  spring,  one  parent  being  a  winter  wheat  the  other  a  true 
spring  variety.  If  fall-sown,  much  winterkilling  would  be  expected,  for 
Marquis  is  not  very  winter-hardy.  If  spring-sown  the  true  winter 
segregates  would  not  produce  heads  and  two-thirds  of  the  others  would 
be  heterozygous  for  the  winter  factor  and  would  produce  some  winter 
plants  and  some  that  would  develop  late  so  as  to  interfere  with  harvesting 
operations.  The  former  course  was  decided  upon  and  the  planting  was 
done  in  October,  1918.  The  winter  was  unusually  mild,  and  a  good 
stand  was  harvested  the  following  summer.  Every  one  was  surprised  to 
find  all  of  the  F3  rows  (334  in  number)  very  badly  bunted.  The  best 
row  in  the  lot  was  three-fourths  smutted,  and  276  of  the  rows  produced 
more  than  90  per  cent  of  bunt.  The  whole  block  of  rows  appeared  as 
a  mass  of  stinking  smut  which  gave  off  an  offensive  odor  that  penetrated 
to  windward  for  half  a  mile.  An  examination  of  some  demonstration 
plots  in  another  field  showed  that  the  fall-sown  Marquis  was  very 
smutty.  This  gave  a  clue  as  to  why  all  of  the  F3  rows  of  Hybrid  12S  X 
Marquis  were  badly  bunted.  The  inherent  resistance  of  Marquis  was 
broken  down  by  the  winter  rest  period. 

One  plant  each  from  nine  of  the  best  rows — that  is,  those  having  the 
least  amount  of  bunt — and  one  from  each  of  the  four  worst  rows  Avere 
selected  for  testing  in  the  F4  generation.  The  complete  results  of  the 
parents,  the  F2,  F3,  and  these  F4  selections  are  summarized  in  Table  IX. 
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Table  IX. — Frequency  distribution  of  resistance  to  btint  in  a  cross  between  Hybrid  128 
and  Marquis,  both  of  which  are  susceptible  when  fall-sown 


1 

Variety. 

Year 

tested. 

Bunt  in  parent 
row. 

Number  falling  into  class  with  average  percentage  of 
bunt  of — 

5 

15 

25 

35 

45 

ss 

65 

75 

85 

95 

J1919... 
\1920. . . 
J1919... 
\1920. . . 
1920.  .  . 

IQIQ . . . 

Per  cent. 

63.O 
98.  I 

Not  tested. 
74.0 
Not  tested. 
do 

2 

Hybrid  128.  . 

.... 

I 

3 

I 

3 

Marquis 

I 

°3 

I 

"I 

HXMFj... 

HXMF,... 

5 

53 

276 

I92O. . . 

75-  9 

76.7 

78.6 

79-4 
80.9 
81.  1 
81.3 
83.0 

83-9 
94.2 
96.9 
97.6 
I                  98- 4 

I 

.  .  .  . 

1 

I 

I 

1 

I 

H  X  M  F4 .  .  . 

I 

1 
1 

I 

1 

I 

1 

a  Seed  from  a  different  source,  but  since  Marquis  is  a  variety  recently  introduced  and  appears  to  be 
constant  for  all  its  characters,  it  is  likely  that  there  is  no  genetic  difference  in  the  resistance  of  these  strains, 
for  seed  from  these  same  strains  planted  in  the  spring  produced  less  than  5  per  cent  of  bunt. 

The  F4  generation  shows  an  average  of  19.9  per  cent  less  bunt  than 
the  F3  parent  rows,  but  this  is  undoubtedly  due  to  seasonal  fluctuations, 
for  Hybrid  128  and  Marquis  showed  similar  differences  in  1919  and  1920. 
A  closer  study  of  the  F4's  indicates  that  even  in  these  extremely  suscep- 
tible segregates  there  is  a  constant  difference  in  their  susceptibility 
comparable  to  the  differences  in  the  susceptibility  of  the  parents.  This 
is  more  clearly  brought  out  by  the  following  figures : 


From  9  low  selections 

From  4  high  selections 

Difference  between  high  and  low 


Average    percentage    of 
bunt. 


1919 


80.  2 
96.8 
16.6 


1920 


62.  2 
72.4 
IO.  2 


Difference. 


18.0 

24.4 

6.4 


Out  of  the  9  low  F3  rows  (between  75  and  84  per  cent  bunt)  5  produced 
the  smallest  percentage  of  the  13  rows  in  the  F4  generation.  Out  of  the 
4  high  F3  rows  (between  94  and  99  per  cent  bunt)  selected,  one  produced 
the  highest  amount  of  bunt  in  the  F4  generation,  and  two  of  the  others 
produced  more  than  the  average  of  all  the  F4's  in  1920.  This  indicates 
that  Marquis  carries  a  weak  factor  or  property  for  resistance  that  is 
inherited  and  is  not  affected  by  fall  planting.  If  this  be  true,  strains 
from  this  cross  could  be  selected  that  would  show  a  consistent  difference 
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of  from  15  to  30  per  cent  when  planted  in  the  fall  under  conditions  favor- 
ing maximum  infection.  In  19 19  Hybrid  128  produced  98  per  cent, 
Marquis  produced  75  per  cent,  and  the  F3  varied  from  75  to  100  per  cent. 
In  1920  the  parent  varieties  produced  30.9  and  74.3  per  cent  respectively, 
an  F2  progeny  produced  56  per  cent  of  bunt,  and  the  F4  selections  varied 
from  46  to  85  per  cent.  Five  plants,  each  selected  from  the  lowest  and 
highest  F4  row,  produced  an  average  of  78  and  91  per  cent  bunt  in  the 
F5  generation  in  192 1.  These  figures  include  only  the  rows  that  were 
planted  together  in  the  same  part  of  the  field,  and  on  the  same  date. 
There  is  much  work  to  be  done  to  establish  the  inheritance  of  the  resist- 
ance of  Marquis,  especially  the  part  played  by  the  winter  rest  period, 
the  segregation  of  the  units  that  are  not  so  affected,  and  the  complex 
of  its  resistance  for  spring  planting.  This  is  being  done  and  will  be  re- 
ported later. 

There  remains  one  other  cross  to  discuss,  that  of  Fortyfold  X  Red 
Russian.  The  average  susceptibility  of  the  parent  varieties  and  their 
F3  offspring  in  1920  was  36.7,  49.3,  and  37.5  per  cent,  respectively.  The 
F3  segregates  varied  from  8.1  to  73.6  per  cent.  Reference  to  figure  1 
shows  the  greatest  class  frequency  of  the  181  F3  rows  to  be  between  30 
and  40  per  cent,  with  rapidly  diminishing  class  frequencies  above  and 
below.  The  most  striking  thing  about  this  cross  is  that  the  average  of 
the  F3  generation  is  less  than  the  average  of  the  parents.  The  fact  that 
the  parents  were  duplicated  so  that  there  were  nearly  200  plants  counted 
precludes  the  possibility  of  a  chance  error.  In  the  other  four  crosses 
charted  in  figure  1  the  average  of  the  parents  lie  below  the  average 
susceptibility  of  their  respective  F3's,  showing  dominance  of  suscepti- 
bility. In  this  cross  there  seems  to  be  a  slight  dominance  of  resistance, 
the  parents  producing  on  the  average  5.6  per  cent  more  bunt  than  the 
F3  progeny. 

The  lower  limit  is  decidedly  lower  than  any  recorded  example  of  either 
parent  under  similar  conditions.  This  shows  that  Fortyfold  and  Red 
Russian  (which  are  known  to  be  intermediate  in  respect  to  resistance 
of  bunt,  when  compared  with  wheats  like  Turkey,  Alaska,  and  Florence 
on  the  resistant  side,  and  Hybrid  128  and  Jones  Winter  Fife  on  the  sus- 
ceptible side)  possess  different  kinds  of  resistance  which  are  cumulative 
in  effect,  when  brought  together  by  crossing.  These  resistances  have 
a  value  somewhere  between  10  and  20  per  cent  in  reducing  the  amount 
of  bunt  that  would  be  produced  on  the  extremely  susceptible  varieties 
when  planted  under  conditions  favoring  maximum  infection.  By  cross- 
ing them,  segregates  are  obtained  that  are  from  10  to  20  per  cent  more 
resistant  than  either  parent.  It  is  to  be  expected,  and  the  evidence 
points  to  the  probability,  that  segregates  also  occur  which  are  from  10 
to  20  per  cent  more  susceptible  than  either  parent.  The  difficulty  of 
isolating  the  susceptible  segregates,  on  account  of  the  fungus  destroying 
the  reproductive  organs,  was  pointed  out  in  another  place.  The  segre- 
gable  dilute  or  feeble  resistance  of  Fortyfold  shown  here  is  in  accord  with 
that  found  in  the  cross  between  it  and  Turkey.  The  feeble  resistance 
of  Red  Russian  has  not  as  yet  been  definitely  corroborated  in  other 
crosses. 

DISCUSSION  AND  CONCLUSIONS 

The  investigation  described  in  this  paper  forms  a  part  of  the  general 
work  of  the  Washington  Experiment  Station  looking  toward  the  discovery 
of  methods  for  reducing  the  destructiveness  of  bunt  or  stinking-smut  in 
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wheat.  The  particular  phase  treated  is  the  development  of  a  commer- 
cially desirable  wheat  which  will  not  develop  bunted  heads  even  on  a 
badly  infected  soil.  Emphasis  has  been  placed  on  inheritance  of  bunt 
resistance,  but  the  ultimate  practical  application  of  the  principles  in- 
volved has  been  continually  kept  in  mind.     (PI.  3,  B.) 

The  first  tests  for  resistance  were  made  in  19 14  when  a  few  of  the 
common  commercial  varieties  were  tested  for  comparative  resistance 
under  conditions  favoring  maximum  infection.  During  the  next  two 
years,  while  these  and  other  varieties  were  being  tested  in  greater  detail, 
methods  of  infecting  the  seed,  recording  the  data,  and  computing  the 
resistance  on  a  comparative  quantitative  basis  were  developed  and  stand- 
ardized. In  an  endeavor  to  obtain  the  best  possible  material  for  the 
breeding  work,  more  than  500  named  varieties,  from  the  principal  wheat 
districts  of  the  world,  including  representatives  from  the  eight  species, 
have  been  tested  for  resistance. 

Most  of  the  varieties  tested  proved  to  be  either  very  susceptible  or  lack- 
ing in  winter  hardiness.  Thus  the  representatives  of  the  four  species, 
einkorn,  polish,  spelt,  and  emmer,  although  all  very  resistant,  were  dis- 
carded because  they  were  of  no  commercial  value,  either  from  the  stand- 
point of  yield  or  hardiness.  One  poulard  (Alaska)  was  used  as  the  male 
parent  in  several  crosses,  mainly  because  of  its  bunt-resisting  qualities. 
One  club  (Hybrid  128)  was  selected  for  two  of  the  crosses  described  below 
because  of  its  stiff  straw,  early  maturity,  and  prolificacy,  notwithstanding 
its  malignant  susceptibility  to  bunt.  The  other  six  varieties  were  selected 
for  the  breeding  work  from  the  vulgare  group  because  they  were  common 
commercial  varieties  (with  the  exception  of  Florence,  which  was  selected 
for  its  exceptional  resistance)  in  the  Northwest,  and  contained  the 
greatest  range  of  desirable  characteristics. 

Alaska,  Hybrid  128,  Turkey,  Fortyfold,  Red  Russian,  and  Jones'  Winter 
Fife  have  the  winter  habit  of  growth;  that  is,  they  will  not  head  out  if 
planted  in  the  spring,  and  are  considered  sufficiently  winter  hardy  for  fall 
sowing.  This  is  of  prime  importance  because  the  chief  losses  due  to  bunt 
occur  in  winter  wheat.  Marquis  and  Florence  are  spring  wheats  and  are 
not  considered  sufficiently  hardy  for  fall  sowing,  but  were  such  good  milling 
wheats  and  so  resistant  to  bunt  that  they  were  used  for  the  additional  pur- 
pose of  studying  the  inheritance  of  winter  hardiness. 

These  eight  varieties  (PI.  2,  B;  3,  A)  have  been  grown  as  pure  lines  from 
individual  plant  selections  for  6  to  15  years  and  from  the  first  have  bred 
true  for  their  morphological  characters  and  may  be  assumed  to  be  con- 
stant, within  the  limits  of  soil  and  seasonal  fluctuations,  in  their  compara- 
tive resistance  to  bunt. 

Turkey  is  one  of  the  most  resistant  of  all  the  wheats  tested,  seldom 
producing  above  5  per  cent  of  bunted  heads,  even  under  the  most  favora- 
ble conditions  for  infection.  From  one-fourth  to  one-half  of  the  plants 
may  show  infection,  but  only  a  few  flowers,  or  at  most  only  part  of  the 
heads  on  an  infected  plant  produce  smut  balls,  the  remainder  producing 
normal  wheat.  The  other  resistant  varieties,  Alaska,  Florence,  and  Mar- 
quis, show  similar  characteristics  in  that  only  a  small  part  of  the  flowers 
on  the  infected  plants  are  destroyed  by  the  fungus.  The  two  very  sus- 
ceptible varieties,  Hybird  128  and  Winter  Fife,  on  the  other  hand,  do  not 
normally  produce  anything  but  smut  balls  on  the  infected  plants,  the 
number  of  flowers  or  heads  escaping  being  negligible  compared  with  those 
that  are  destroyed.  An  occasional  plant  escapes  infection  altogether  and 
produces  normal  grain ;  but  once  the  parasite  establishes  itself  within  the 
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host,  more  than  80  per  cent  of  the  plants  on  the  average  produce  only  the 
fruiting  bodies  of  the  parasite,  and  the  others  produce  less  than  40  per 
cent  of  grain.  Fortyfold  and  Red  Russian,  which  are  intermediate  in 
respect  to  total  bunt  produced,  are  also  intermediate  in  respect  to  the 
amount  of  wheat  produced  on  the  infected  heads. 

The  resistance  of  Turkey  is  different  from  that  of  Alaska,  for  segregates 
of  a  cross  betwen  them  occurred  which  were  more  resistant  than  either 
parent,  inasmuch  as  no  trace  of  bunt  could  be  obtained  from  the  F3  to 
the  F7  generation,  although  planted  under  conditions  favoring  maximum 
infection — conditions  under  which  both  parents  showed  traces  of  bunt 
on  more  than  one-fourth  of  the  plants.  Such  a  result  would  be  impossible 
unless  the  resistance  of  the  two  wheats  were  cumulative  in  effect,  each 
contributing  something  that  the  other  lacked.  For  if  the  resistance  were 
the  same  in  both  parents,  the  offspring  would  fluctuate  around  the  same 
mean  and  no  segregates  would  occur  more  resistant  or  more  susceptible 
than  the  parents.  If,  however,  the  resistance  of  Turkey  and  Alaska  were 
due  to  different  causes,  or  perhaps  the  genes  located  in  different  chromo- 
somes, then  the  offspring  would  show  greater  variation  than  the  parents, 
and  segregates  would  occur  which  would  be  permanently  more  suscep- 
tible than  either  as  well  as  more  resistant.  If  the  resistance  of  each 
parent  were  composed  of  differing  multiple  factors,  many  new  and  differ- 
ent segregates  would  occur.  Thus,  if  Turkey  resistance  abc  met  Alaska 
resistance  xyz,  and  each  factor  reduced  the  amount  of  bunt  by  20  per 
cent,  a  cross  between  them  should  give  varients  (assuming  the  suscep- 
tibility of  the  parents  separately  to  be  5  per  cent)  in  the  F2  generation 
that  would  produce  bunt  as  follows : 


Number  of 
resistant  fac- 
tors. 


O 

1 

2 


Bunt  pro- 
duced. 


Per  cent. 
65 
45 
25 


Classification. 


Nonresistant. 
Slightly  resistant. 
Somewhat  resist- 
ant. 


Number  of 
resistant  fac- 
tors. 


3 

4 

5 
6 


Blunt  pro- 

duced. 

Per  cen 

!. 

5 

-15 

0  | 

-35 

0 

-55 

1 

Classification. 


Very  resistant. 
Immune. 

Do. 

Do. 


Unfortunately  the  large  number  of  sterile  plants  and  flowers  produced 
by  crossing  Turkey  and  Alaska,  combined  with  the  lack  of  winter  hardi- 
ness, reduced  the  number  of  plants  to  such  a  degree  that  an  accurate 
analysis  of  the  particular  type  of  segregation  that  occurred  was 
impossible. 

Florence  is  a  very  resistant  spring  wheat,  but  its  resistance  is  also 
different  from  that  of  Turkey,  for  transgressive  inheritance  occurred  in  a 
cross  between  them,  F3  segregates  occurring  all  the  way  from  completely 
immune  to  completely  susceptible  individuals,  not  unlike  the  illustration 
given  above.  More  than  40  per  cent  were  immune,  while  the  plants  in 
12  rows  (7  per  cent  of  the  F3  progeny)  were  more  than  50  per  cent  bunt,  an 
amount  never  produced  by  either  parent  under  the  most  favorable  con- 
ditions for  infection.  Something  like  30  per  cent  of  the  rows  were  inter- 
mediate, producing  from  10  to  50  per  cent  of  bunted  heads. 

It  is  not  too  much  to  suppose  that  the  72  immune  rows  differed  in  the 
intensity  of  their  resistance,  but  there  is  no  way  of  proving  it  except  by 
the  slow,  laborious  process  of  crossing  them  with  susceptible  varieties 
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and  testing  the  comparative  resistance  of  their  descendants.  The  inter- 
mediate and  susceptible  segregates  indicate  multiple  factors  for  resistance 
in  both  Turkey  and  Florence,  the  loss  of  which  renders  a  given  hybrid 
offspring  in  a  later  generation  a  congenial  host  for  the  parasite.  Such 
factors  added  together  are  cumulative  in  effect,  making  the  segregate 
possessing  them  immune  against  all  attempts  of  the  organism  to  set  up 
a  pathogenic  relationship. 

Fortyfold  has  a  dilute  or  weak  resistance  that  is  evidently  different 
from  that  of  any  of  the  resistant  elements  of  Turkey,  for  in  the  F3  genera- 
tion of  Fortyfold  X  Turkey  five  out  of  593  F3  families  occurred  that  were 
distinctly  more  resistant  than  Turkey,  and  many  occurred  more  suscep- 
tible than  Fortyfold.  This  dilute  resistance  of  Fortyfold  showed  a  value 
of  approximately  5  per  cent  in  1920  when  added  to  the  resistance  of 
Turkey  in  the  very  resistant  F3  families,  but  in  the  absence  of  it  and  also 
the  Turkey  resistance,  the  segregates  increased  15  to  20  per  cent  in  the 
amount  of  bunt  produced.  High  and  low  selections  are  being  tested  in 
the  F4  generation  in  192 1  to  determine  the  correctness  of  these  assump- 
tions, for  the  data  from  the  F3  progeny  are  not  as  conclusive  as  one  would 
like  to  have  in  a  characteristic  which  shows  such  wide  fluctuations  as 
bunt  resistance. 

Hybrid  128  has  no  heritable  resistance  distinct  from  that  of  Turkey  or 
Marquis,  for  the  Fs  progeny  of  crosses  with  them  did  not  give  variations 
exceeding  the  extremes  of  the  parent  types.  The  intermediates  in  the  Fa 
generation  of  Turkey  X  Hybrid  128  indicated  that  the  resistance  of 
Turkey  was  made  up  of  multiple  factors,  which,  when  separated,  gave 
dilute  resistances.  The  334  F3  families  of  Hybrid  128  X  Marquis  were  all 
very  smutty,  none  having  less  than  70  per  cent  of  bunt.  In  the  F, 
generation,  however,  the  high  selections  gave  10  per  cent  more  bunt  than 
the  low  ones,  which  indicates  a  dilute  resistance,  probably  of  Marquis, 
that  is  not  affected  by  the  winter  weather.  Marquis  is  very  resistant  when 
spring  sown,  but  this  resistance  is  mostly  destroyed  or  neutralized  by  the 
winter  rest  period  when  fall  sown. 

The  resistance  of  Red  Russian  is  not  well  established  in  the  cross  with 
Turkey  on  account  of  the  small  numbers  and  the  unfavorable  season  in 
which  it  was  tested,  but  in  so  far  as  the  F<  selections  tell  anything  they 
indicate  that  any  resistance  it  may  possess  is  not  different  from  that  of 
Turkey,  for  none  of  the  segregates  were  more  resistant  than  Turkey,  and 
the  most  susceptible  did  not  surpass  Red  Russian  in  amount  of  bunt 
produced.  The  cross  between  Fortyfold  and  Red  Russian,  however, 
prove  that  the  latter  has  a  definite  heritable  resistance  which,  added  to 
the  unlike  resistance  of  Fortyfold,  produces  segregates  much  more 
resistant  than  either  parent.  That  is,  the  two  weak  resistances  when 
brought  together  have  the  effect  of  a  strong  resistance  comparable  to 
that  of  Turkey  or  Alaska.  The  feeble  or  weak  resistance  of  Fortyfold  is 
in  accord  with  that  found  in  the  cross  between  it  and  Turkey.  The 
dilute  or  feeble  resistance  of  Red  Russian  has  not  as  yet  been  corrobo- 
rated in  other  crosses  in  sufficient  detail  to  warrant  discussion. 

From  the  foregoing  evidence,  based  on  seven  years'  work  with  bunt 
resistance  in  wheat,  and  with  special  reference  to  eight  varieties,  and  the 
inheritance  of  resistance  in  the  progeny  of  crosses  between  them,  the 
general  conclusions  may  be  summarized  as  follows: 

The  most  susceptible  wheats,  planted  under  conditions  favoring 
maximum  infection,  produce  an  average  of  about  80  per  cent  of  bunted 
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heads.  Hybrid  128  and  Jones  Winter  Fife  belong  to  this  class.  Although 
they  produce  20  per  cent  of  sound  heads,  this  seems  to  be  due  to  accident, 
for  in  crosses  with  other  varieties  the  descendants  do  not  show  evidence 
of  having  inherited  any  cumulative  resistance  whatever  from  these 
varieties. 

Fortyfold,  Red  Russian,  and  Marquis  each  have  differing  dilute  resist- 
ances which  reduce  the  amount  of  bunt  by  10  to  25  per  cent.  When 
added  together,  as  in  descendants  of  crosses  between  them,  the  cumula- 
tive effect  makes  a  more  concentrated  resistance,  having  a  value  of  from 
30  to  60  per  cent.  In  addition  to  the  dilute  resistance,  Marquis  has  a 
strong  winter-sensitive  resistance  with  a  value  of  50  to  60  per  cent  in 
spring-sown  grain  which  is  ineffective  in  preventing  bunt  when  the  seed 
is  fall  sown.  That  is,  if  Marquis  is  sown  in  the  fall,  only  the  dilute 
resistance  is  operative,  for  it  produces  but  10  to  20  per  cent  less  bunt  than 
the  most  susceptible  varieties;  if  sown  in  the  spring,  the  strong  winter- 
sensitive  factor  becomes  functional,  and  the  resulting  crop  produces  60 
to  75  per  cent  less  bunt  than  the  completely  susceptible  varieties.  There 
is  some  evidence  that  all  the  different  resistances  are  somewhat  winter- 
sensitive,  for  the  facultative  wheats  (those  that  may  be  sown  either  in 
the  fall  or  in  the  spring,  being  true  spring  wheats  but  fairly  winter  hardy) 
are  known  to  produce  more  bunt  from  fall  seedings.  Florence  also  regis- 
ters a  higher  degree  of  bunted  heads  in  the  fall-sown  tests. 

Turkey,  Florence,  and  Alaska  each  have  differing  concentrated 
resistances  which  reduce  the  amount  of  bunt  70  to  75  per  cent,  compared 
with  the  standard  susceptible  varieties.  These  concentrated  resistances 
are  also  cumulative  in  effect  when  brought  together  by  crossing,  the 
resulting  descendants  segregating  into  immune,  very  resistant,  various 
stages  of  dilute  resistant,  and  completely  susceptible  classes. 
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PLATE  i 

A. — Result  of  a  smut  explosion.  Machine  of  W.  J.  Grier,  near  Colfax,  Wash.,  a  few 
hours  after  the  explosion,  August  12,  1915.  By  hard  fighting  the  sacked  grain  on  the 
right  was  saved,  but  the  machine  and  straw  stack  were  burned.  Hundreds  of  thrashing 
outfits  and  thousands  of  bushels  of  wheat  have  been  destroyed  in  the  Pacific  North- 
west due  to  fires  following  explosions  of  smut  dust  (bunt  spores),  which  burn  like 
powder. 

B. — Morphological  effect  of  bunt  on  wheat  heads.  The  three  on  the  left  are  Alaska, 
the  others  Fortyfold.  Heads  of  each  variety  from  left  to  right  contain  normal  seed, 
both  normal  seed  and  smut  balls,  and  only  smut  balls.  In  Alaska  the  parasite  causes 
the  awns  to  fall  but  dwarfs  the  head  instead  of  stimulating  increased  length  as  in 
Turkey  and  Hybrid  128.  (See  PI.  2,  A.)  The  head  length  of  Fortyfold  is  not  affected, 
but  the  spikelets  on  the  infected  heads  stand  out  more  nearly  at  right  angles  to  the 
rachis. 
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PLATE  a 

A. — Morphological  effect  of  bunt  on  wheat  heads.  The  three  on  the  left  are  Turkey, 
the  others  Hybrid  128.  First  head  on  the  left,  normal  grain;  second  head,  half  wheat 
and  half  bunt;  third,  all  bunt.  The  bunted  heads  are  much  elongated  as  if  trying  to 
grow  away  from  the  fungus.  In  Turkey  the  awns  fall  off  prematurely  on  the  bunted 
heads.  The  bunted  head  of  Hybrid  128  on  the  extreme  right  looks  like  a  vulgare 
instead  of  a  compactum. 

B. — Parent  varieties  resistant  to  bunt.  From  left  to  right,  Turkey,  Florence, 
Marquis,  Alaska.  Turkey  and  Alaska  are  true  winter  wheats  and  can  not  be  used  for 
spring  sowing.  Florence  and  Marquis  are  typical  spring  wheats.  Marquis  and 
Turkey  are  the  most  popular  varieties  in  the  United  States  and  Canada,  measured 
by  the  quantity  produced.     Both  are  excellent  breadmaking  wheats. 


PLATE  3 

A. — Parent  varieties  susceptible  to  bunt.  From  left  to  right,  Fortyfold,  Jones 
Winter  Fife,  Red  Russian,  Hybrid  128.  Jones  Winter  Fife  and  Hybrid  128  are  about 
20  per  cent  more  susceptible  than  the  other  two.  All  are  true  winter  wheats  of  com- 
mercial importance  in  the  Northwest.     Fortyfold  and  Hybrid  128  have  white  grain. 

B. — Two  hybrid  (Fs)  types  with  commercial  possibilities.  Left,  the  morphological 
characters  of  the  Hybrid  128  parent  are  combined  with  the  resistance  of  Turkey.  On 
the  right  the  Florence  head  type  is  combined  with  the  winter  hardiness  of  Turkey. 
It  has  been  immune  to  bunt  for  three  years.  Both  selections  outyielded  the  parents 
in  1919  and  1920. 
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A  BACTERIAL  LEAFSPOT  OF  TOBACCO1 

By  James  Johnson 

Associate  Professor  of  Horticulture,  University  of  Wisconsin,  and  Agent, 
Office  of  Tobacco  Investigations,  Bureau  of  Plant  Industry,  United  States 
Department  of  Agriculture 

INTRODUCTION 

During  the  past  five  years  a  bacterial  leafspot  of  tobacco  occuring  in 
Wisconsin  has  been  the  subject  of  investigation  together  with  observa- 
tions on  tobacco  leafspots  in  general  in  various  tobacco  districts  of  the 
United  States.  The  tobacco  leaf  is  subject  to  an  exceptionally  large 
number  of  diseases,  originating  from  a  variety  of  causes,  in  some  cases 
with  distinctive  and  constant  symptoms,  but  more  often  confusing  when 
any  determination  or  classification  based  on  symptoms  is  attempted. 
This  confusion  is  in  some  respects  magnified  by  the  fragmentary  early 
literature  and  is  due  largely  to  common  names  having  been  applied 
without  adequate  consideration  as  to  the  causal  agents  of  the  diseases. 
Recently  two  or  three  leaf  diseases  have  been  described,  however,  in 
sufficient  detail  to  permit  of  definite  reference.  It  is  the  purpose  of  this 
paper  to  contribute  to  the  knowledge  of  one  other  such  disease. 

CAUSE 

This  disease,  which  is  not  believed  to  be  new  to  tobacco  growers  in 
Wisconsin,  has  been  found  to  be  due  to  a  bacterial  organism  apparently 
previously  undescribed.  The  causal  organism  has  been  named  Bacterium 
melleum,  n.  sp.,  and  a  description  of  the  organism  and  the  symptoms  of 
the  disease  it  causes  is  given  in  this  paper. 

COMMON  NAMES 

The  leafspot  to  be  described  here  is  ordinarily  called  "rust"  by  Wis- 
consin tobacco  growers.  This  name,  which  is  not  a  good  one  from  a 
phytopathological  standpoint,  is  in  fact  in  use  throughout  most  of  the 
tobacco  districts  of  the  world,  for  a  variety  of  leaf  diseases  of  tobacco, 
and  is,  therefore,  a  very  unreliable  term.  The  term  "rust"  is  frequently 
limited  by  the  use  of  such  combinations  as  "red,"  "brown,"  "white," 
and  "black  rust;"  but  these  again  are  of  little  significance  when  applied 
by  different  individuals  and  have  little  definite  relation  to  the  causal 
agent  concerned.  Other  terms  such  as  "firing,"  "black  fire,"  field  fire," 
"wildfire,"  "speck,"  and  "frogeye"  are  terms  which  have  been  com- 
monly used  as  synonymous  with  "rust,"  though  the  term  "frogeye" 
is  now  generally  limited  to  the  disease  caused  by  Cercospora  nicotianae 

1  Accepted  for  publication  May  10,  1922.  Cooperative  investigations  of  the  office  of  Tobacco  Inve-tiga- 
tions,  Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture,  and  the  Wisconsin  Agricultural 
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El.  and  Ev.  and  more  recently  "wildfire"  has  become  the  accepted  com- 
mon name  for  the  disease  caused  by  Bacterium  tabacum  Wolf  and  Foster. 
The  leafspot  diseases  of  tobacco  naturally  fall  into  three  disease 
categories,  as  regards  cause,  namely,  (1)  those  due  to  nonparasitic 
agents,  (2)  those  due  to  fungi,  and  (3)  those  due  to  bacteria.  It  is  prob- 
able that  additional  terms  should  not  be  added  to  the  list  of  common 
names  until  a  satisfactory  basis  of  classification  based  on  these  categories 
is  established.  However,  we  have  come  to  refer  in  the  laboratory  to  the 
disease  herein  described  as  the  "Wisconsin  bacterial  leafspot"  disease, 
and  this  term  may  tentatively  be  preferable  to  the  commonly  used  term 
"rust." 

OTHER  BACTERIAL  LEAFSPOTS 

Although  it  is  only  within  recent  years  that  certain  leafspots  of  tobacco 
have  been  definitely  shown  to  be  of  bacterial  origin,  it  is  fairly  certain 
that  one  or  more  have  existed  from  the  earliest  days  of  tobacco  culture 
in  this  country.  The  earliest  treatises  on  tobacco  culture  refer  to  "rust" 
and  "firing,"  although  in  most  cases  it  would  be  difficult  to  judge  the 
nature  of  the  causative  agent  from  the  descriptions  of  these  diseases. 
Killebrew  and  Myrick   (6)  ,2  for  instance,  wrote  as  follows — 

another  field  fire,  called  "black  fire,"  which  is  totally  different  from  the  red  field 
fire,  is  caused  by  excessive  humidity  and  occurs  only  after  continued  rains  of  several 
days'  duration  with  hot  weather.  This  black  fire  is  much  more  to  be  dreaded  than 
the  brown  rust  or  red  field  fire,  for  it  attacks  the  plants  while  immature,  involving 
all  the  leaves.  Sometimes  the  disease  will  spread  over  a  field  in  two  or  three  da5rs 
and  ruin  the  crop,  making  black  deadened  spots  as  large  as  a  silver  dollar,  but  this 
rarely  happens. 

This  disease  was  undoubtedly  parasitic  in  nature,  especially  in  view  of 
the  fact  that  these  experienced  observers  separated  it  from  other  symp- 
toms probably  of  nonparasitic  origin.  It  is  also  quite  likely  that  this 
disease  was  one  of  the  two  tobacco  leafspot  diseases  recently  shown  to 
be  of  bacterial  origin  in  this  country. 

Similarly  the  disease  described  in  this  paper  as  "Wisconsin  leafspot" 
has  probably  existed  in  Wisconsin  for  50  years  or  more  along  with  other 
leafspots  under  the  name  of  "rust,"  but  now  referred  to  by  some  of  the 
older  growers  as  "old-fashioned  rust,"  on  account  of  the  fact  that  it  has 
not  been  as  prevalent  in  recent  years  as  in  the  earlier  days  of  the  industry 
in  this  State. 

Apparently  the  first  leafspot  disease  of  tobacco  attributed  to  bacteria 
was  that  of  "la  rouille  blanche"  (white  rust)  of  France,  ascribed  by 
Delacroix  (/)  in  1905  to  Bacillus  maculicola.  The  description  of  this 
disease  is  not  sufficient  to  afford  adequate  comparison  with  our  American 
leafspots,  but  in  any  case  the  description  given  indicates  that  it  is  different 
from  the  Wisconsin  bacterial  leafspot.  Honing  (4)  in  19 14  described  a 
rust  occurring  in  Deli  (Sumatra)  which  he  showed  to  be  due  to  a  bacterial 
organism  which  he  named  Bacterium  pseudozoogloeae.  This  disease 
was  also  known  as  "black  rust,"  although  it  evidently  was  not  the  "wild- 
fire" disease  of  America,  since  neither  the  description  of  the  causal 
organism  nor  that  of  the  symptoms  of  the  disease  correspond  with  that 
of  wildfire.  Honing's  disease  corresponds  more  closely  to  that  of  the 
Wisconsin  leafspot,  although,  as  will  be  shown  by  later  comparison,  they 
differ  in  several  respects. 


1  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  492-493. 
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Wolf  and  Foster  (7)  in  19 17  described  the  wildfire  disease  as  it  occurred 
in  North  Carolina  and  Virginia,  following  an  unusually  severe  outbreak 
and  proved  the  causal  organism  to  be  a  bacterium,  which  they  named 
Bacterium  tabacum.  This  disease  apparently  has  since  spread  to  most  of 
the  other  tobacco  districts  in  the  United  States,  seemingly  from  the  North 
Carolina  epidemic  of  191 7  as  a  center  of  infection.  This  disease  is  not 
readily  distinguished  from  the  Wisconsin  leafspot  in  general  symptoms, 
although  the  chlorotic  area  around  the  point  of  infection  is  usually  larger 
and  more  common  than  in  the  Wisconsin  leafspot.  The  wildfire  organism 
is  also  a  much  more  vigorous  parasite  than  the  Wisconsin  leafspot 
organism,  and  the  disease  may  consequently  be  much  more  prevalent 
and  serious  where  it  occurs.  Fromme  and  Murray  (3)  investigated  a 
leafspot  disease  in  Virginia,  which  had  apparently  also  existed  for  a 
considerable  time  in  that  State,  and  found  it  to  be  due  to  a  bacterium 
which  they  named  Bacterium  angulatum.  This  disease  has  been  named 
by  them  "angular  leafspot"  on  account  of  the  angular  shape  of  the 
lesions.  It  cannot  be  readily  confused  with  other  bacterial  leafspots 
but  may  be  difficult  to  distinguish  at  times  from  certain  nonparasitic 
spots  when  judged  by  symptoms  alone. 

DESCRIPTION  OF  THE  DISEASE 

The  Wisconsin  bacterial  leafspot  has  been  found  ordinarily  on  the 
lower  leaves  of  the  plants  in  the  field.  Usually  it  is  most  marked  on 
the  lowest  leaves  but  has  been  observed  during  this  investigation  up 
to  the  middle  leaves.  In  severe  outbreaks,  not  seen  since  the  beginning 
of  this  study  but  earlier  noted  and  referred  to  by  others  as  "  old-fashioned 
rust, "  the  leaves  on  the  entire  plant  may  be  involved.  That  the  disease 
may  occur  on  young  leaves  is  evidenced,  however,  by  the  observation 
of  several  infections  in  seed  beds  from  which  the  causal  organism  has 
been  isolated.  The  older  leaves  are  seemingly  more  predisposed  to  a 
rapid  collapse  and  death,  and  finally,  browning  of  the  tissue  when  once 
infected,  but  when  artificially  inoculated  by  needle  punctures  the  top 
leaves  show  equal  predisposition  to  infection,  and  the  development  of 
the  chlorotic  area  surrounding  the  point  of  infection  is  even  more  marked 
than  on  lower  leaves.  The  common  occurrence  of  the  disease  on  the 
lower  leaves  in  the  field  is  due  quite  likely  to  the  more  favorable  environ- 
mental conditions  offered  there  for  infection  and  progress  of  the  disease. 

The  disease  in  the  seed  beds  ordinarily  is  inconspicuous  and  not  as 
typical  as  in  the  field.  The  spots  are  usually  small  and  more  angular 
than  in  the  field  and  the  chlorotic  area  less  distinct  (PI.  2,  A).  The  old 
lesions  are  usually  small  and  light-colored,  but  when  they  run  together 
the  young  leaves  present  the  appearance  of  being  blighted. 

In  the  field  the  young  spots  are  usually  round,  frequently  with  a 
small  central  fleck  surrounded  by  a  distinct  chlorotic  area  or  halo,  iden- 
tical with  that  of  the  wildfire  disease.  Under  other  conditions  this  halo 
may  not  appear  at  all  or  may  disappear  rapidly,  the  tissue  surrounding 
the  point  of  infection  collapsing  and  soon  turning  brown  in  color,  in 
some  cases  possibly  white.  Enlarging  spots  may  or  may  not  be  limited 
by  the  veins  of  the  leaf.  At  times  the  infected  area  seems  to  pass  over 
the  vein  without  injury  to  it.  At  other  times,  however,  the  parasite 
may  enter  the  vein  and  follow  it,  producing  an  elongated  lesion.  The 
diameter  of  the  spots  may  vary  from  1  mm.  to  1  cm.  or  more,  frequently 
coalescing,  and  hence  involving  large  areas  of  the  leaf.     The  old  lesions 
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are  usually  distinctly  brown  in  color,  sometimes  brownish  white,  fre- 
quently with  a  dark  center  giving  a  "birds-eye"  appearance.  Concentric 
rings,  usually  are  not  present,  though  apparently  they  may  occur  (PI. 
1,  A,  B). 

An  interesting  symptom  frequently  evident  in  the  greenhouse  after 
artificial  infection  is  the  formation  of  a  secondary  ring  of  small  lesions  2 
or  3  nun.  beyond  the  circumference  of  the  primary  lesion.  This  ring, 
often  perfect  in  shape,  seems  to  follow  as  a  result  of  renewed  activity  by 
the  parasite  about  the  primary  lesion  following  a  checking  of  the  disease. 
The  chlorotic  area  surrounding  the  center  of  infection  has  been  found 
to  be  relatively  free  of  organisms,  as  was  found  by  Miss  Elliott  (2)  in  the 
halo-blight  of  oats. 

PREVALENCE   OF  THE   DISEASE 

The  causal  organism  of  the  Wisconsin  leafspot  disease  was  first  isolated 
in  the  spring  of  191 7.  On  account  of  the  similarity  of  other  leaf  spots, 
nothing  conclusive  can  be  said  as  to  the  prevalence  of  the  disease  prior 
to  that  time,  although  the  writer  feels  confident  that  within  20  years  of 
casual  observation  previous  to  191 7  he  has  seen  a  number  of  more  serious 
cases  of  the  disease  than  have  been  noted  since.  This  belief  is  strengthened 
by  the  testimony  of  a  number  of  the  older  tobacco  growers  in  the  State, 
who  recall  complete  losses  of  portions  of  crops  from  "rust,"  which,  from 
our  subsequent  observations  on  nonparasitic  leafspots,  are  not  believed 
to  develop  to  such  an  extent  on  the  type  of  tobacco  grown  in  this  State, 
with  the  possible  exception  of  the  "rust"  following  mosaic.  "Rust" 
following  as  a  result  of  mosaic  is  not,  however,  ordinarily  limited  to  such 
an  extent  by  the  topography  of  the  land  and  the  opportunity  for  infection 
as  is  the  bacterial  leafspot.  Since  191 7  a  number  of  mild  occurrences 
of  the  disease  have  been  seen  within  a  25-mile  radius  of  Madison,  and  in 
most  cases  have  been  identified  by  isolation  of  the  causal  organism  and 
inoculation  experiments.  Search  has  been  made  for  this  disease  in  a  num- 
ber of  other  tobacco  districts,  mostly  in  Kentucky,  Maryland,  Pennsyl- 
vania, and  in  the  Connecticut  Valley.  Only  one  specimen  has  been 
collected  which  can  with  certainty  be  said  to  be  the  same  disease,  and  this 
was  from  Kentucky  in  191 9.  One  collection  from  Connecticut  in  July, 
1919,  proved  to  be  the  "wildfire"  disease,  and  was  the  first  record  of 
that  disease  in  the  Connecticut  Valley.  Similarly,  collections  made  in 
1920  from  Maryland,  Kentucky,  and  Ohio  proved  to  be  wildfire. 

ISOLATIONS 

The  first  isolation  of  the  Wisconsin  leafspot  organism  was  made  in 
June,  191 7,  from  the  seed  beds  at  the  experiment  station  at  Madison. 
At  about  the  same  time  specimens  of  a  leafspot  on  tobacco  seedlings  (wild- 
fire) were  received  from  Mr.  E.  G.  Moss,  in  charge  of  the  branch  tobacco 
station,  Oxford,  N.  C.  This  disease  was  at  first  thought  to  be  due  to  a 
fungus,  and  preliminary  isolation  and  infection  experiments  were  con- 
ducted from  this  standpoint  with  negative  results.  Bacteria  were  soon 
after  isolated  and  infection  secured.  Word  was  then  received  that  Dr. 
Frederick  A.  Wolf,  of  the  North  Carolina  Station  who  was  working  on 
the  same  disease,  had  established  the  bacterial  relationship,  no  doubt  a 
few  days  before  our  own  conclusion  had  been  reached.  A  few  weeks 
later  the  writer  visited  the  North  Carolina  section  and  had  the  oppor- 
tunity of  noting  a  second  serious  outbreak  of  the  disease  in  that  section. 


Feb.  10, 1923  A  Bacterial  Leaf  spot  of  Tobacco  485 

On  his  return  to  Wisconsin  similar  leaf  spots  were  noted,  among  them 
certain  spots  on  a  row  of  a  southern  type  of  tobacco  in  the  experimental 
plots  at  Madison,  though  not  occurring  nearly  as  seriously  as  in  the 
fields  seen  in  North  Carolina.  The  records  show  that  two  of  the  isola- 
tions from  this  row  gave  white  organisms,  one  of  which  was  infectious. 
Unfortunately  this  culture  died  before  a  detailed  study  could  be  made  of 
it,  so  that  we  are  not  at  all  certain  that  it  was  the  wildfire  organism. 
The  writer's  earlier  isolation  from  the  seed  bed  leafspots  and  later  isola- 
tions from  the  field  yielded,  however,  only  yellow  infectious  organisms. 
No  white  organism  has  since  been  isolated  except  following  known 
cases  of  inoculation  with  the  wildfire  organism.  It  is  felt  that  this 
explanation  should  be  made  here  in  view  of  a  statement  made  by  Wolf 
and  Foster  (7)  as  a  result  of  correspondence,  to  the  effect  that  wildfire 
occurred  in  Wisconsin  in  1917.  While  the  "similar  spot"  referred  to 
has  developed  to  be  what  we  now  call  the  "Wisconsin  leaf  spot, "  there 
is  still  some  probability  that  we  did  have  one  case  of  wildfire  on  a  row  of 
southern  tobacco  in  191 7,  and  if  so,  it  seems  likely  that  it  was  the  result 
of  seed-borne  infection.  In  any  case  wildfire  can  not  be  said  to  have 
occurred  in  Wisconsin  in  1917  in  the  sense  that  it  has  since  been  reported 
from  other  States,  nor  was  it  introduced  in  that  manner  until  1922. 

During  the  last  five  years  a  large  number  of  isolation  tests  have  been 
made  from  various  sorts  of  leafspots  of  tobacco.  Wherever  fairly  fresh 
and  young  spots  of  the  wildfire  disease  or  the  Wisconsin  leafspot  have 
been  plated  out,  no  difficulty  has  been  encountered  in  getting  pure  cul- 
tures at  once,  so  that  the  distinction  between  these  two  diseases  has  been 
readily  established.  The  method  employed  has  been  simply  to  select  a 
young  lesion,  cut  it  out  with  a  scalpel,  and  rinse  it  through  8  to  10  sterile 
water  blanks  with  vigorous  shaking.  It  was  then  transferred  to  a  tube 
of  bouillon,  mashed  with  a  sterile  scalpel  or  rod  on  the  side  of  the  tube, 
rinsed  into  the  bouillon  and  allowed  to  stand  15  to  30  minutes.  One  to 
six  loopfuls  of  the  bouillon  werethen  transferred  to  melted  potato  agar 
at  about  45 °  C.  and  plates  poured.  Cultures  were  usually  kept  in  stock 
on  potato-dextrose  agar  in  the  ice  box.  Twelve  different  isolations  of 
the  Wisconsin  leafspot  organisms  have  been  made  over  a  period  of  five 
years.  Practically  all  the  cultural  character  studies  were  made  with  one 
organism  (culture  No.  141),  and  where  this  culture  was  not  used  we  lave 
made  sure  that  we  have  used  a  pathogenic  organism  corresponding  in 
ordinary  cultural  characteristics. 

INOCULATION  EXPERIMENT 

A  very  considerable  number  of  inoculation  experiments  have  been 
made  in  connection  with  demonstrating  the  pathogenicity  of  the  organism 
isolated,  testing  the  strains  following  growth  in  culture  for  different 
periods,  and  for  comparison  with  other  bacterial  leafspots  of  tobacco, 
particularly  wildfire.  Repeated  trials  have  also  been  made  comparing 
inoculation  by  spraying  and  by  needle  puncture,  under  very  variable 
environmental  conditions.  It  has  been  found  that,  while  good  infection 
is  always  secured  on  wounded  leaves  with  a  virulent  strain  of  the  Wis- 
consin leafspot  organism,  practically  no  infection  at  all  has  ever  been 
secured  by  simply  spraying  the  plants  with  a  suspension  of  the  organism 
in  water. 

The  writer  can  not  state  with  certainty  the  relation  of  normal  field 
infection  to  wounded  tissue.     He  has  not  been  able  to  find  from  observa- 
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tlon  that  wounding  by  insects  or  other  means  has  played  any  part  in 
infection.  It  seemed  rather  that  infection  in  the  field  was  dependent 
upon  the  occurrence  of  favorable  environmental  conditions.  Every 
attempt  to  duplicate  such  conditions  experimentally  has  thus  far  given 
negative  results.  The  writer  has  as  yet,  however,  done  nothing  as  regards 
the  intrinsic  predisposition  of  the  plant  itself  to  infection,  and  it  is  not 
improbable  that  the  host  grown  under  different  conditions  as  regards 
chemical  and  physical  relationships  may  be  considerably  altered  thereby 
as  regards  predispostion.  This  belief  is'  strengthened  by  the  fact  that 
similar  experience  has  been  had  with  frequent  attempts  at  securing  good 
infection  with  the  wildfire  organism  by  spraying  under  greenhouse 
conditions,  while  with  this  organism  we  know  that  under  other  conditions 
good  infection  may  be  secured  in  this  manner. 

The  method  of  inoculation  by  wounding  has  been  essentially  that  of 
puncturing  the  leaf  with  a  needle  point  which  has  been  dipped  in  a 
suspension  of  the  organism  in  water  and  permitting  a  small  droplet  of 
the  watery  suspension  to  cover  the  wound.  In  this  manner,  when  a 
virulent  strain  of  Wisconsin  leaf  spot  organism  is  used,  infection  is 
secured  in  two  to  five  days,  and  symptoms  develop  which  compare 
favorably  with  those  from  Bacterium  tabacum  in  size  of  chlorotic  area  or 
lesions  obtained  (PI.  2,  B).  On  the  other  hand,  it  is  certain  that  under 
field  conditions  the  Wisconsin  leaf  spot  organism  is  not  as  virulent  as  the 
wildfire  organism,  and  that  the  former  can  be  pathogenic  only  under 
more  limited  conditions  than  is  the  latter.  Under  field  conditions  the 
chlorotic  area  or  halo  formed  by  the  Wisconsin  leafspot  organism  is  not 
normally  as  marked  as  that  of  wildfire  (PI.  1,  A)  and  frequently  may 
not  occur  at  all  (Pi.  3,  A)  on  older  leaves,  where  conditions  are  seemingly 
more  favorable  for  a  rapid  collapse  of  the  leaf  tissue  than  is  the  case  on 
the  younger  leaves. 

Considerable  uncertainty  has  been  experienced  throughout  the  progress 
of  this  investigation  as  to  the  continued  pathogenicity  of  the  organisms 
carried  in  culture  on  potato-dextrose  agar,  and  as  a  result  frequent 
inoculations  have  been  made  to  test  this  point  with  various  cultures. 
In  large  measure,  the  same  has  been  true  of  the  wildfire  organisms  carried 
along  simultaneously. 

A  large  number  of  subcultures  have  died,  lost  their  pathogenicity 
completely,  or  in  considerable  part  (PI.  2,  B). 

This  has  been  due  apparently  in  most  cases  to  an  unfavorable  cultural 
medium,  although  in  many  cases  this  occurred  on  potato-dextrose  agar 
made  according  to  the  same  formula  as  other  batches  in  which  organisms 
have  been  kept  alive  and  virulent  through  transfers  kept  in  the  refriger- 
ator for  three  years  or  more. 

A  limited  number  of  inoculations  have  been  made  upon  other  host 
plants  aside  from  ordinary  tobacco  (Nicotiana  tabacum).  Infection  has 
been  secured  upon  various  other  species  of  Nicotiana,  especially  N. 
glauca  and  N.  rustica,  and  also  upon  the  tomato,  together  with  some 
indication  of  infection  upon  certain  cereals. 

CULTURAL  CHARACTERS 

Morphology. — The  organism  is  a  short  motile  rod  with  rounded 
ends,  occurring  singly,  in  pairs,  or  occassionally  in  short  chains.  Meas- 
urements under  various  conditions  have  ranged  from  0.5  to  0.8  microns 
in  width  by  1  to  2.4  microns  in  length,  averaging  about  0.6  by  1.8. 
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Stained  by  the  Caesar-Gil  and  modified  Pittfield  methods  for  flagella 
from  24-hour-old  cultures,  the  organism  shows  from  one  to  several 
polar  flagella,  usually  two  or  three,  but  as  many  as  seven  have  been 
counted.  The  flagella  are  ordinarily  from  three  to  five  times  as  long 
as  the  organism  itself.  The  organism  has  been  stained  with  carbol 
fuchsin,  methylene  blue,  and  anilin  gentian  violet.  No  spores  or  involu- 
tion forms  have  been  observed.  Capsules"  are  formed.  Pseudozoogloeae 
are  apparently  absent.     It  is  Gram-negative  and  is  not  acid-fast. 

Potato-dextrose  agar. — Most  of  the  cultural  work  has  been  done  on 
potato-dextrose  agar,  as  this  had  been  found  to  be  most  useful  for  rapid 
comparative  purposes  on  account  of  the  color  imparted  to  the  agar. 
Colonies  in  agar  plates  are  first  visible  in  about  36  hours  at  about  22  °  to 
260  C,  increasing  to  3  to  5  mm.  in  diameter  in  six  days.  Colonies  are 
at  first  grayish  white,  changing  on  most  media  on  about  the  third  day  to 
a  distinct  yellow,  after  which  a  transparent  light  yellow  tinge  develops 
in  the  potato  agar.  The  colonies  are  round,  shining,  convex,  and  yellow 
with  opaque  centers.  The  submerged  colonies  are  lenticular.  On  agar 
slants  a  distinct  growth  may  appear  along  the  line  of  inoculation  in  24 
hours,  and  this  broadens  gradually  at  the  base,  becoming  echinulate 
(PI.  4  A).  The  growth  becomes  fairly  heavy  in  3  to  5  days  but  rarely 
covers  the  slant,  usually  developing  a  fairly  deep  orange  color.  Certain 
potato-dextrose  agar  media  will  color  up  in  a  few  days,  but  ordinarily 
more  gradual  coloration  occurs,  the  media  becoming  usually  a  bright 
honey  yellow,  which  may  extend  to  a  depth  of  2  inches  or  more  from  the 
growth  down  into  the  tube.  Where  the  pigment  is  rapidly  absorbed  by 
the  agar,  the  growth  does  not  take  on  a  deep  color.  Most  of  the  yellow 
bacterial  plant  pathogenes  known  to  science  have  been  cultivated 
simultaneously,  but  with  none  has  this  charactristic  of  yellowing  potato- 
dextrose  agar  been  nearly  as  distinct,  and  with  the  majority  seemingly 
it  does  not  occur.  The  pigment  on  potato-dextrose  agar  is  soluble  in 
water,  sulphurous  acid,  ammonia,  methyl  and  ethyl  alcohols,  and  hydro- 
gen peroxid.  It  is  apparently  destroyed  by  hydrochloric  acid,  tolulene, 
xylol,  benzol,  and  carbon  disulphid.  Its  production  is  slowed  up  mark- 
edly at  io°  C,  but  between  200  and  330  it  is  normal.  Light  apparently 
does  not  influence  its  production.  Its  intensity  varies  considerably  on 
different  potato  agars,  which  may  possibly  be  due  to  differences  in 
reaction  of  the  media. 

Gelatin. — Gelatin  is  rapidly  liquefied  in  thickly  sown  plates,  usually 
within  48  hours.  In  gelatin  stabs  liquefaction  usually  begins  in  48  hours 
(assumes  a  stratiform  shape),  and  may  require  two  to  three  weeks  for 
completion. 

Nutrient  broth. — Decided  clouding  occurs  in  24  hours  in  beef- 
peptone  broth  (+10  Fuller's  scale)  with  moderate  flaky  sediment.  On 
slight  shaking  the  sediment  readily  breaks  up  into  a  fine  suspension. 
Cloudiness  does  not  appreciably  increase  after  3  days.  A  very  thin 
surface  membrane  may  be  formed,  after  several  days,  but  this  charac- 
teristic is  not  marked. 

Potato  cylinders. — Good  growth  in  48  hours,  of  brownish  yellow 
color.  Growth  is  profuse  in  5  days,  with  increasing  yellowing  of  organism 
along  line  of  streak  and  darkening  of  medium.  Tests  with  iodin  indicate 
marked  conversion  of  starch  to  amylodextrin,  but  diastatic  action  on  the 
whole  is  feeble  as  compared  with  Bacterium  campestre. 
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Litmus  milk. — The  color  becomes  more  intense  on  the  second  day, 
with  the  formation  of  a  thin  blue  layer  in  the  upper  portion  of  the 
medium  which  disappears  about  the  third  day.  After  4  days  the  casein 
is  precipitated,  and  in  6  more  days  the  clearing  has  proceeded  two- 
thirds  of  the  way  down  the  tube.  The  liquid  is  dark  green  on  top 
and  shades  down  to  a  tan  just  above  the  casein.  The  medium  on  long 
standing  finally  becomes  a  deep  blue-green. 

Corn's  solution. — Marked  clouding  occurs  in  2  days  or  less,  fol- 
lowed in  about  4  days  by  the  appearance  of  a  heavy  white  crystalline 
membrane  on  the  surface  and  a  faint  greenish  tinge  below  it.  On  long 
standing  the  medium  becomes  light  yellow  in  color  and  contains  a 
flocculent  precipitate. 

Fermi's  solution. — Clouding  becomes  very  marked  after  2  days. 
After  about  8  days  the  medium  takes  on  a  light  greenish  tinge,  but  this 
is  not  as  marked  as  with  Bacterium  tabacum.  After  about  10  days  or 
more  a  fairly  heavy  membrane  is  formed  and  the  sediment  increases. 
On  longer  standing  the  medium  turns  to  an  intense  honey-yellow  color. 

Beef  agar  stroke. — On  beef  agar  slants  growth  is  distinct  in  24 
hours,  grayish  white  in  color,  turning  finally  to  a  deeper  yellow.  Growth 
less  profuse  than  on  potato  agar  and  no  coloring  of  medium  evident. 

Loeffler's  blood  serum. — Growth  grayish  yellow,  spreading,  re- 
sulting in  gradual  liquefaction  of  medium. 

Nitrate  in  nitrate  broth. — There  was  no  reduction  of  nitrates  in 
nitrate  peptone  broth. 

Indol,  ammonia,  and  hydrogen  sulphid. — Negative  tests  for  all  by 
usual  methods. 

Fermentation  tests. — From  a  2  per  cent  Difco  peptone  solution  five 
different  carbon  media  were  made  by  adding  1  per  cent  of  the  following  : 
Saccharose,  dextrose,  lactose,  glycerine,  and  dextrin.  In  fermentation 
tubes  no  gas  was  formed  with  any  of  these  compounds.  Distinct  cloud- 
ing appeared  in  the  open  arms  in  48  hours.  In  the  case  of  saccharose  and 
dextrose  slow  clouding  also  appeared  in  the  closed  arms.  No  acid  was 
produced  in  any  of  the  tubes. 

Litmus  sugar  agars. — Tests  with  lactose,  glycerine,  saccharose, 
dextrose,  dextrin,  agars  showed  no  formation  of  acid  in  any  case. 

Toleration  of  acids  and  sodium  chlorid. — No  growth  was  obtained 
in  tubes  of  neutral  beef-peptone  broth  to  which  0.3  per  cent  of  malic, 
citric,  or  tartaric  acid  had  been  added  (PH  values  3.6  to  4.0).  A  concen- 
tration of  0.2  per  cent  of  malic  and  tartaric  limited  growth  but  0.2  citric 
did  not.  Two  to  3  per  cent  sodium  chlorid  limited  growth  markedly 
and  4  per  cent  inhibited  growth  entirely. 

Optimum  reaction  and  toleration  limits. — The  best  growth  in 
beef-peptone  broth  was  secured  at  +  10  to  +  15  Fuller's  scale.  The 
maximum  for  growth  lies  apparently  close  to  +  20,  +  22  giving  no 
growth.  While  good  growth  was  secured  in  some  instances  as  low  as 
—  20  it  is  not  believed  that  these  results  are  significant,  since  the  broth 
after  adjustment  and  standing  for  some  time  usually  rose  to  —4  or 
higher. 

Temperature  relations. — The  optimum  for  growth  in  culture  lies 
close  to  2 6°  to  2 8°  C.  No  growth  was  secured  at  35 °  to  360  or  below 
70  to  90.  The  thermal  death  point  found  by  subjecting  freshly  inoculated 
tubes  of  boullion  to  different  temperatures  for  10  minutes  was  found  to 
be  about  570. 
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Resist ancE  to  desiccation. — The  organism  dried  on  cover  slips  in 
sterile  Petri  dishes  did  not  lose  its  power  of  growth  until  after  14  days. 

Relation  to  oxygen. — No  growth  in  atmosphere  freed  from  oxygen 
by  pyrogallol-KOH  method.  Some  growth  in  closed  arm  of  fermenta- 
tion tubes  with  saccarose  and  dextrose. 

Effect  of  sunlight. — Fifteen  minutes'  exposure  of  plates  on  ice  to 
sunlight  killed  a  few  organisms,  and  practically  all  were  killed  on  30  to 
60  minutes'  exposure. 

Vitality  and  virulence. — The  organism  can  be  kept  in  culture  and 
maintain  its  virulence  for  at  least  three  years.  It  may  lose  its  virulence, 
however,  upon  certain  media  while  still  giving  normal  growth  in  culture 
or  it  may  die  out  rapidly  on  presumably  favorable  cultural  media  for 
reasons  not  definitely  understood. 

Group  number. — 221.3333633.  The  name  Bacterium  melleum,  n.  sp., 
is  suggested  for  this  organism,  basing  the  specific  name  on  the  honeylike 
color  imparted  to  potato  dextrose  agar. 

TECHNICAL  DESCRIPTION 

Bacterium  melleum,  n.  sp.3 

A  short  rod  with  rounded  ends,  occurring  singly,  in  pairs,  or  in  chains.  Average 
size  0.6  by  1. 8  microns.  Motile  by  a  tuft  of  polar  flagella  usually  two  to  threein  number, 
but  ranging  from  one  to  seven,  and  three  to  five  times  as  long  as  the  body  of  the  organism. 
No  spores  or  involution  forms  have  been  observed.  Capsules  are  present.  It  is  Gram- 
negative  and  not  acid-fast.  The  organism  is  pale  or  orange  yellow  on  most  media, 
particularly  on  potato-dextrose  agar,  to  which  it  imparts  a  honeylike  pigment.  Growth 
on  potatoe  agar  stroke  is  abundant,  echinulate,  raised,  glistening,  smooth,  and  viscid; 
agar  colonies  grow  rapidly,  are  circular,  smooth,  and  convex.  On  nutrient  broth  the 
surface  growth  is  slight  or  none,  clouding  strong,  and  sediment  somewhat  flaky,  more 
amorphous,  and  moderate  in  amount.  In  gelatin  stabs  growth  is  best  at  top  with 
liquefaction,  beginning  in  3  days  and  complete  in  about  20  days.  The  coagulation  of 
milk  is  prompt,  coagulum  slowly  peptonized.  Alkaline  reaction  with  litmus  milk, 
with  prompt  reduction.  Good  growth  in  Fermi's  and  Cohn's  solution.  No  indol  or 
ammonia  produced.  Nitrate  in  nitrate  broth  not  reduced.  Optimum  temperature 
for  growth  about  260  to  280  C,  maximum  350  to  360.  Thermal  death  point  570. 
Optimum  reaction  for  growth  in  broth  +10  Fuller's  scale.  Pathogenic  on  Nicotiana 
tabacum,  causing  a  leafspot  with  or  without  a  chlorotic  halo  around  the  point  of  infec- 
tion, usually  followed  by  browning  of  affected  tissue. 

COMPARISON  WITH  OTHER  BACTERIAL  LEAFSPOTS  OF  TOBACCO 

It  is  evident  from  the  description  of  the  causal  organism  that  the 
Wisconsin  leafspot  differs  from  that  of  the  previously  described  Ameri- 
can tobacco  leafspots,  namely,  wildfire  and  angular  leafspot.  The 
most  striking  difference  is  that  of  the  color  of  the  pathogenes,  which 
is  white  in  both  of  the  latter  diseases  but  yellow  in  the  Wisconsin  leaf- 
spot.  As  far  as  symptoms  themselves  are  concerned,  one  could  not 
with  certainty  distinguish  between  wildfire  and  Wisconsin  leafspot, 
though  the  former  is  the  more  destructive  and  widespread  and  under 
field  conditions  usually  possesses  the  most  marked  chlorotic  halo. 

The  Wisconsin  leafspot  disease  is  not  so  readily  distinguishable  from 
the  Sumatran  disease  described  as  black  rust  by  Honing  (4).  Neither 
specimens  of  this  disease  nor  the  causal  organism  have  been  seen.  There- 
fore Honing's  description  offers  the  only  basis  for  comparison. 

3  According  10  'he  da    ifi  ation  ol  th.-  American  Society  of  Bacteriologists  the  combination  would  be 
Psuedomonas  mellea  n.  sp. 
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The  illustration  of  black  rust  by  Honing  shows  some  resemblance  to 
Wisconsin  leafspot,  but  the  disease  does  not  seem  to  be  identical  with 
the  latter.  The  chief  points  of  difference  between  the  two  causal  organ- 
isms may  be  summarized  as  follows : 


Bacterium  pseudozoogloeae  (Honing) 

i.  Produces  "black  rust." 

2.  Apparently  no  chlorotic  halo. 

3.  Produces     lesions     with     concentric 

rings. 

4.  Size  generally  1.5  microns  by  0.7  to  1 

micron. 

5.  1  to  2  polar  flagella. 

6.  Color  usually  yellowish  gray. 

7.  Gelatin   stab   papillate;   liquefaction 

napiform  to  saccate. 

8.  Milk  coagulum  not  peptonized. 

9.  Litmus  milk  rendered  acid. 

10.  Acid    with    dextrose,     lactose,    and 

saccharose  broth. 

11.  Fluorescence     yellowish     green     (in 

gelatin). 


Bacterium  me  Ileum,  n.  sp. 

1.  Produces  "  brown  rust. " 

2.  Chlorotic  halo  frequently  present. 

3.  Lesions    usually   not    concentrically 

ringed. 

4.  Generally  1.8  microns  by  0.6  micron. 

5.  1  to  7  polar  flagella. 

6.  Color  usually  orange-yellow. 

7.  Gelatin     stab    filiform;     liquefaction 

stratiform. 

8.  Milk  coagulum  peptonized. 

9.  Litmus  milk  rendered  alkaline. 

10.  No  acid  with  dextrose,  lactose,  and 

saccharose  broth. 

1 1 .  Fluorescence  honey-yellow  on  potato- 

dextrose  agar. 


From  this  comparison  it  may  be  seen  that  the  differences  are  decided 
in  many  instances  and  that  the  likelihood  of  the  Sumatran  and  American 
leafspot  being  identical  is  very  remote. 

PRACTICAL  CONSIDERATIONS 

The  Wisconsin  bacterial  leafspot  or  "rust"  no  doubt  occurs  annually 
in  this  State,  or  at  least  it  has  been  found  for  the  last  five  years  without 
much  difficulty,  although  not  to  such  an  extent  as  to  cause  much  con- 
cern. As  already  stated,  however,  it  is  quite  certain  that  in  years  past 
it  has  been  the  cause  of  considerable  losses  and  the  object  of  demand 
for  control  measures.  This  belief  is  strengthened  by  the  writer's  recent 
studies  of  nonparasitic  spotting  of  tobacco,  which  might  otherwise  have 
been  confused  with  the  bacterial  leafrust.  The  causal  organism  is  not 
believed  to  be  a  vigorous  parasite,  and  special  conditions  are  necessary 
for  infection  without  wounding.  Aside  from  a  period  of  rainy  or  humid 
weather,  and  possibly  a  fairly  high  temperature,  we  do  not  know  the 
conditions  which  are  necessary  for  infection,  since  these  two  require- 
ments in  themselves  are  apparently  not  sufficient.  This  conclusion  is 
arrived  at  as  the  result  of  environmental  studies  in  controlled  tempera- 
ture and  humidity  chambers. 

There  is  some  ground  for  the  belief  that  plants  may  be  predisposed  to 
the  disease  from  internal  causes.  This  hypothesis  may  be  illustrated  by 
an  observation  of  the  behavior  of  this  disease  in  field  fertilizer  plots  at 
the  Wisconsin  Experiment  Station.  The  plots  concerned  were  in  du- 
plicate and  were  intended  to  compare  the  value  of  barnyard  manuie 
with  commercial  fertilizers.  For  some  reason  not  clearly  understood, 
the  manured  plots  gave  a  yield  considerably  lower  than  the  unfertilized 
plots.  Counts  were  made  of  the  number  of  infected  plants  in  each  plot 
and,  as  may  be  seen  from  Table  I,  a  fairly  close  correlation  existed  be- 
tween yield,  or  the  fertilizer  applied,  and  the  amount  of  infection. 
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Table  I. — Percentage  of  "rust"  on  fertilizer  test  plots 


Plot 
No. 

Fertilizer  applied  per  acre. 

Yield  in 
pounds  of 
cured  leaf 

per  acre. 

Percentage 

of  plants 

rusted. 

3 

8 

i,545 
1,  242 

43 
46 

do 

1.393 

44-  5 

No  fertilizer 

1 

1,682 
i>527 

23 
26 

7 

do 

Average 

1,  604 

24-5 

200  pounds  nitrate  of  soda,  200  pounds  sulphate  of  pot- 
ash, 600  pounds  acid  phosphate. 
do 

6 

J.695 

i,735 

II 

10 

Average 

i,7i5 

i°-5 

It  does  not  follow  from  this,  however,  that  "rust"  is  more  likely  to 
occur  in  low-yielding  crops,  the  manured  plots  in  this  test  being  in  fact 
an  average  crop.  The  condition  is  rather  one  of  "physiological  or  nutri- 
tional balance"  in  the  plant,  a  condition,  as  yet  very  inadequately  under- 
stood in  relation  to  plant  diseases.  A  practical  suggestion  for  experi- 
mental work  in  reducing  damage  from  this  disease  by  proper  fertilization 
is  offered,  however,  by  such  observations. 

It  has  usually  been  found  that  the  first  or  primary  infection  starts  in 
the  seed  bed  and  that  the  secondary  infection  in  the  field  is  a  direct 
result  of  transplanting  infected  plants.  The  same  seems  to  be  especially 
true  of  the  wildfire  disease.  In  the  springs  of  191 7  and  19 18  infection 
with  Wisconsin  leaf  spot  was  first  noted  in  the  seed  beds  at  the  Wisconsin 
Agricultural  Experiment  Station,  and  subsequently  secondary  infection  in 
the  field  was  found  in  areas  in  the  field  planted  from  the  infected  areas  in  the 
seed  beds,  although  a  considerable  time  intervened  between  the  two  appear- 
ances of  the  disease,  during  which  time  it  had  apparently  disappeared. 
This  experience,  together  with  a  similar,  and  now  common,  experience 
with  the  wildfire  disease,  offers  the  suggestion  that  seedling  plants  from 
areas  showing  signs  of  infection  should  preferably  not  be  transplanted 
into  the  field.  It  is  not  improbable  that  spraying  with  copper  sprays 
in  the  seed  beds  as  suggested  for  wildfire  (5)  may  also  help  to  control 
the  Wisconsin  bacterial  leafspot  should  conditions  warrant  its  use. 

The  manner  in  which  the  disease  lives  over  winter  is  not  definitely 
known.  The  causal  organism  may  perhaps  live  over  on  the  seed,  on 
the  cloth  covers,  possibly  in  the  soil,  or  by  other  means.  Until  this  is 
determined  no  satisfactory  means  of  control  from  this  standpoint  can 
be  offered. 

Although  a  considerable  number  of  varieties  of  tobacco  have  been 
grown  at  the  Wisconsin  station  annually,  these  have  not  all  been  equally 
exposed  to  infection.  From  limited  observations  and  experiments, 
however,  the  writer  feels  safe  in  concluding  that  differences  in  varietal 
susceptibility  or  resistance  are  small,  if  in  fact  they  exist  at  all. 
25622—23 8 
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SUMMARY 

A  bacterial  leafspot  disease  of  tobacco  has  been  under  observation 
and  study  in  Wisconsin  for  five  years.  This  disease  is  one  of  three  or 
more  different  leafspots  of  tobacco  commonly  grouped  under  the  common 
name  "rust"  by  the  growers  in  Wisconsin.  The  other  "rust"  spots 
appear  to  be  nonparasitic  in  nature. 

This  disease  has  not  been  especially  serious  in  recent  years,  but  it  is 
believed  that  it  is  the  "rust"  which  has  been  most  serious  in  past  years 
and  may  become  so  again  at  any  time  that  the  required  favorable  con- 
ditions for  its  occurrence  appear. 

The  Wisconsin  leafspot  of  tobacco  differs  from  both  the  wildfire 
leafspot  and  the  angular  leafspot  occurring  in  other  sections  of  the 
United  States,  and  from  the  black  rust  occurring  in  Sumatra,  all  of  which 
are  bacterial  in  nature.  The  symptoms  of  the  wildfire  disease  and  of 
the  Wisconsin  leafspot,  however,  are  much  the  same. 

The  disease  usually  manifests  itself  by  round,  brown,  or  rust-colored 
spots,  usually  less  than  %  inch  in  diameter,  but  frequently  running 
together  to  form  larger  irregular  lesions.  Frequently  the  young  lesions 
are  marked  by  a  distinct  chlorotic  area  or  halo  surrounding  the  point  of 
infection.  Under  field  conditions  infection  usually  starts  on  or  is  con- 
fined to  the  lower  leaves.  Lesions  may  also  occur  on  young  leaves  in 
the  seed  beds. 

The  disease  is  caused  by  a  yellow  bacterial  organism  apparently  pre- 
viously undescribed.  The  name  Bacterium  melleum,  n.  sp.,  is  suggested, 
and  the  more  common  morphological  and  cultural  characteristics  are 
given. 

Artificial  infection  has  been  secured  only  through  wounding  by  needle 
pricks.  Under  the  conditions  of  the  inoculation  experiments  in  the 
greenhouse  this  has  also  been  more  or  less  true  with  the  wildfire  organism, 
which  has  been  studied  comparatively  in  practically  all  of  the  work  done 
with  the  Wisconsin  leafspot  organism.  Under  field  conditions  it  is  not 
believed  that  wounding  is  necessary  for  infection.  Temperature  and 
humidity  conditions  in  themselves  do  not  apparently  govern  the  occurrence 
of  infection.  Some  data  secured  indicate  that  predisposition  may  be 
influenced  by  the  fertilizing  materials  available. 

It  is  believed  that  the  disease  ordinarily  starts  in  the  seed  beds,  from 
which  it  is  transferred  to  the  field.  Growers  are  advised,  therefore,  not 
to  use  plants  from  infected  seed  bed  areas  for  transplanting. 
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PLATE   i 

A. — Leaf  of  Havana  Seed  tobacco,  showing  fairly  typical  symptoms  of  the  Wisconsin 
leafspot  ("rust")  disease.     Natural  infection. 

B. — More  detailed  view  of  portion  of  leaf  similar  to  that  illustrated  in  A,  showing 
the  central  points  of  infection,  the  coalescence  of  the  spots,  and  their  relation  to  the 
veins. 

C. — A  leaf  showing  a  fairly  typical  case  of  "wildfire"  on  Havana  Seed  tobacco. 
Compare  with  Wisconsin  leafspot.  This  leaf  was  collected  in  Connecticut  in  July, 
1919,  and  was  the  first  authentic  case  of  the  wildfire  disease  in  New  England. 
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PLATE  a 

A. — Leaves  from  tobacco  seedlings  in  seed  beds,  showing  typical  lesions.  Such 
leaves  readily  carry  the  infestation  to  the  fields.  Note  the  halo  surrounding  the 
points  of  infection  (B,  C,  and  D).  Artificial  inoculation  with  leafspot  organisms  by 
means  of  pin  pricks  on  tobacco  leaves,  illustrating  their  similarity  under  certain 
conditions  (B,  C,  D,  and  E). 

B. — Leaf  inoculated  with  Wisconsin  leafspot  organism. 

C. — Leaf  inoculated  with  wildfire  organisms. 

D. — Leaf  inoculated  with  Wisconsin  leafspot  organism  with  lowered  virulence. 

E. — Control,  pricked,  but  not  inoculated. 


PLATE  3 

A. — A  leaf  of  tobacco  inoculated  with  the  Wisconsin  leafspot  organism  by  means 
of  pin  pricks.  Tissue  collapsed  rapidly  around  point  of  inoculation  and  turned 
brown,  no  halo  developing.  Similar  spotting  without  halo  may  also  develop  in  the 
wildfire  disease. 

B. — Typical  colonies  of  the  Wisconsin  leafspot  organism  on  potato  agar  plate. 
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PLATE  4 

A. — Streak  of  Wisconsin  leafspot  organism  on  potato-dextrose  agar  after  four  days' 
growth  at  2o°  to  22 °  C.  in  comparison  with  control  tube.  Note  color  difference  of  cul- 
ture medium,  as  a  result  of  development  of  yellow  pigment  on  potato-dextrose  agar. 

B. — Photomicrograph  of  Wisconsin  leafspot  organism.     Carbolfuchsin  stain.  X3.000. 

C. — Line  drawing  of  Wisconsin  leafspot  organism,  showing  flagella. 
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PARASITIC  FUNGI  INTERNAL  OF  SEED  CORN  » 

By  Thomas  F.  Manns,  Pathologist  and  Soil  Bacteriologist,  and  J.  F.  Adams,  Associate 
Pathologist,  Department  of  Plant  Pathology  and  Soil  Bacteriology,  University  of 
Delaware 

The  importance  of  root,  stalk,  and  ear  rot  fungi  in  decreasing  yields 
of  corn  has  received  considerable  attention  in  recent  years  on  the  part 
of  investigators.  Results  of  investigations  so  far  reported  indicate 
more  or  less  agreement  in  the  various  disease  symptoms  manifested. 
However,  some  difference  of  opinion  exists  concerning  the  importance 
of  the  causal  organisms.  The  specific  determination  of  the  fungi  has 
not  been  fully  emphasized  nor  the  method  by  which  they  are  carried 
in  the  seed. 

The  following  report  presents  in  part  the  results  of  our  investigations 
in  determining  the  species  of  fungi  associated  with  corn  rots.  Our 
studies  were  initiated  to  ascertain  the  losses  to  the  corn  crop  and  prev- 
alence of  infection  in  Delaware  and  the  importance  of  the  seed  in  carry- 
ing infection.  While  our  observations  and  studies  have  been  confined 
principally  to  field  corn  in  this  State,  we  feel  that  careful  investigations 
will  reveal  the  presence  and  importance  of  the  same  pathogenes  in  other 
States  but  varying  somewhat  in  prevalence. 

A  review  of  the  literature  covers  the  observations  and  investigations 
conducted  in  this  country  so  far  as  we  have  been  able  to  secure  them. 
In  this  review  only  special  mention  is  made  of  results  bearing  directly 
on  seed  infection,  the  fungi  reported,  and  the  method  by  which  the  fungi 
are  carried  in  the  seed.  Because  of  the  extensive  observations  reported 
on  the  root,  seedling,  and  stalk  infection  it  was  deemed  best  to  discuss 
this  phase  of  the  problem  in  a  subsequent  paper  to  be  prepared  by  the 
writers. 

"Moldy  corn"  no  doubt  was  one  of  the  first  symptoms  observed  in 
connection  with  corn  rot  diseases.  The  presence  of  mold  in  corn  was 
early  associated  with  forage  poisoning  and  pellagra  in  this  country,  as 
well  as  in  Europe.  Starting  with  these  early  observations  were  studies 
which  were  later  extended  to  include  and  establish  the  importance  of 
the  fungi  which  are  now  associated  with  the  corn  rots. 

Sheldon  (ap)2  described  Fusarium  moniliforme  Sheldon,  associated 
with  moldy  corn  and  thought  to  be  the  cause  of  forage  poisoning.  He 
observed — 

the  kernels  where  the  pink  mould  was  present  were  considerably  broken  at  the  ends 
and  crumbly  so  that  when  shaken  or  struck  on  the  table,  the  inside  would  fall  out  in 

1  Accepted  for  publication  July  18,  ign. 

1  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  523-524. 
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the  form  of  a  coarse  powder;  it  attacks  the  end  of  the  kernel  first,  gradually  working 
its  way  toward  the  cob. 

Valleau  (36)  in  his  studies  of  corn  rots  in  Kentucky  as  well  as  those 
from  other  States,  considers  that  Fusarium  moniliforme  will  probably 
prove  to  be  the  most  common  cause  of  root  and  stalk  rots  of  corn.  He 
finds  that — 

a  microscropical  examination  of  the  pink  crowns  or  pink  stripes  on  kernels  reveals 
the  presence  of  hyphae  and  occasionally  spores  in  them,  between  the  seed  coats. 
The  development  of  reddish  or  black  discoloration  in  the  seed  coats  of  corn  during 
and  after  germination,  is  an  indication  of  infection  with  F.  moniliforme. 

No  mention  is  made  of  the  importance  or  determination  of  other  fungi 
in  connection  with  his  studies.  In  a  later  article  (37)  on  the  control  of 
corn  root  rot,  it  is  stated  that — 

thus  far  no  disease  free  seed  has  been  obtained  by  the  method  of  selection.  The 
results  obtained  indicate  that  infection  takes  place  before  the  early  dough  stage.  It 
probably  occurs  through  the  silks  and  is  a  result  of  infection  of  the  exposed  silk  mass 
with  F.  moniliforme.  Attempts  to  control  corn  rot  by  seed  treatment  have  given 
negative  results. 

Barrett  (5)  reported  on  the  dry  rot  in  corn  as  caused  by  several  species 
of  fungi.  One  of  the  most  destructive  being  Diplodia  maydis  Sacc. 
(D.  zeae  (Schw.)  Lev.).  A  second  form  of  dryrot  which  is  not  uncommon 
is  due  to  a  species  of  Fusarium,  and  a  third  form  is  due  to  a  sterile  fungus. 
Later  in  conjunction  with  Burrill  (6)  studies  were  reported  on  ear  rots 
of  corn.  Four  types  of  ear  rots  were  recognized  as  caused  by  D.  maydis 
and  three  different  fusariums,  designated  1,  2,  and  3. 
'  The  most  extensive  work  was  on  Diplodia  zeae.     They  observed — 

the  slender  threads  penetrate  the  young  tissue  of  the  grains,  cob  and  husks,  progress- 
ing from  cell  to  cell  and  extracting  from  their  contents  whatever  is  of  value  for  food. 
Diseased  ears  left  in  the  field  under  natural  conditions  eventually  develop  numerous 
pycnidia  in  the  grains,  giving  them  a  black  appearance. 

The  best  results  of  inoculations  were  obtained  when  the  corn  was  still 
in  the  thick  milk  stage. 

80%  of  silk  inoculated  ears  produced  the  disease,  71.7%  of  those  inoculated  at  the 
base  and  48%  so  treated  in  the  shanks  were  successful,  while  but  22  %  of  the  sprayed 
ears  showed  any  signs  of  infection.  All  later  inoculations  altho  fairly  successful 
produced  smaller  percents  of  the  disease  than  others. 

There  was  no  direct  evidence  obtained  that  the  infected  ears  on  inoculated 
stalks  were  a  result  of  the  inoculations  made. 
Fusarium  1  — 

produces  a  rather  dense,  felty  mass  of  white  mycelium  which  extends  between  the 
kernels  to  the  cob,  causing  it  to  become  more  or  less  diseased. 

The  mycelium  is  established  all  through  the  diseased  grains,  corroding 
the  starch  and  destroying  the  germs. 

The  diseased  portion  of  ears  infected  with  Fusarium  2  have  a  deep 
pink  to  red  color  due  to  the  pigment  produced  in  the  hyphae  of  the 
fungus. 

The  felty  mass  of  mycelium  permeates  the  inner  husks  and  silk  and  holds  them  firmly 
to  the  ear. 

Fusarium  3  forms  a  rot  less  complete  in  its  destructiveness  of  the  ear 
than  that  of  the  other  forms  described.  Many  of  the  infected  ears  have 
only  a  few  scattered  disease  grains. 

Under  some  conditions,  however,  most  of  the  kernels  may  become  diseased  and 
the  cob  more  or  less  infected  ....     The  mycelium  is  white,  very  sparse,  and  is 
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found  principally  in  the  end  of  the  kernels  where  it  feeds  upon  the  starch  and  produces 
large  numbers  of  spores,  mostly  microconidia. 

Corn  inoculated  in  the  thick  milk  stage  shows  the  largest  percentage  of 
infected  ears  in  the  field. 

It  is  worthy  of  remark  that  in  no  case  has  natural  infection  by  these  parasites  been 
discovered  upon  any  other  part  of  the  immature  corn  plant  save  the  ears  and  their 
belongings.  Upon  the  latter  infection  always  begins  externally  from  air  distributed 
spores. 

The  parasitism  of  Diplodia  zeae  has  been  more  thoroughly  established 
than  any  of  the  other  fungi  associated  with  corn  rots.  Heald,  Wilcox, 
and  Pool  (16)  state  that  this  fungus  produces  in  the  ear  a  condition 
which  may  be  called  '  'dry  rot." 

In  the  earl)'  stages  or  in  cases  of  slight  attack,  no  external  evidence  of  the  presence 
of  the  fungixs  can  be  detected.  It  is  probable  that  the  hyphae  enter  the  kernel  at 
its  base,  since  the  fungus  is  first  detected  in  this  region.  From  this  paint  the  hyphae 
grows  throughout  the  kernel  and  are  found  in  both  the  endosperm  and  embryo. 

They  consider  the  prevailing  type  of  infection  is  through  the  silk  near 
the  time  of  pollination.  This  disease  was  observed  by  Stevens  and 
Hall  (33)  in  North  Carolina  where  it  is  known  as  "mold,"  "mildew," 
"rot,"  and  "souring." 

The  disease  affects  the  ear,  manifesting  itself  as  a  whitish  growth  of  mold  over  the 
surface  of  the  grains,  sometimes  affecting  the  whole  ear  and  at  other  times  portions 
only  of  it.  The  amount  of  fungus  visible  upon  the  superficial  parts  of  the  grain  is  not 
large,  but  upon  breaking  open  the  ear,  it  is  found  that  the  spaces  between  the  bases 
of  the  kernels  are  often  densely  packed  with  masses  of  pure  white  mycelium.  Extern- 
ally, no  signs  of  fruiting  bodies  of  any  kind  are  apparent,  but  close  examination  at 
the  point  of  attachment  of  the  grains  to  the  cob,  in  many  instances,  reveals  the 
presence  of  exceedingly  minute  black  specs,  which  under  the  microscope  prove  to 
be  the  fruiting  organs  (pycnidia)  of  the  fungus. 

They  determined  the  fungus  as  Diplodia  macrospora  Earle,  but  Diplodia 
zeae  Lev.  also  was  found  in  several  instances.  Smith  and  Hedges  (31) 
concluded  on  the  basis  of  pot  experiments  that  the  manner  of  infection 
indicated  is  the  common  one,  that  is — 

from  the  soil  into  the  roots,  from  these  to  the  interior  of  the  stems  and  thence  upward 
to  the  cobs,  and  finally  to  the  kernels. 

Evans  (//)  reports  maize  cob  mold  (Diplodia  maydis  Sacc.)  as  prevalent 
in  Natal.     It  is  also  frequently  referred  to  as  mildew. 

Many  of  the  farmers  showed  me  samples  of  mildewed  maize  cobs  which  they  stated 
caused  them  severe  loss  in  their  crops,  and  also  produced  severe  paralysis  and  fre- 
quently death  amongst  stock  that  were  fed  on  these  cobs,  especially  if  the  cobs  were 
damp  and  not  properly  dried  out. 

Van  Der  Bijl  (38)  conducted  extensive  studies  on  the  "Dry-Rot"  of 
maize  in  South  Africa  and  considers  that  normally  infection  takes  place 
through  the  silks.  A  Fusarium  is  also  mentioned  as  being  found  several 
times  with  moldy  corn.     Garman  (12)  states  that — ■ 

Diplodia  zeae  is  not  dependent  on  the  openings  made  by  the  worm,  generally  invad- 
ing ears  by  way  of  the  shank. 

Fusarium-like  fungi  for  the  greater  part  were  associated  with  these 
corn  diseases  by  the  early  investigators.  It  was  not  until  recently  that 
several  recognized  species  of  Fusarium  were  definitely  established  with 
the  root,  stalk,  and  ear  rots  of  corn. 

Garman  (12)  along  with  his  studies  of  pellagra  mentions  Fusarium  and 
Tricothecium  roseum  associated  with  moldy  corn.     He  states  that — 

seed  corn  should  be  inspected  for  molds  with  special  care,  a  pink  mold  (a  Fusarium) 
is  very  common  in  our  fields  and  causes  many  grains  apparently  sound  to  assume  a 
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pink  color.  What  appears  to  be  the  same  fungus  is  on  corn  that  is  germinating  badly 
in  the  field. 

Arzberger  (4)  investigated  the  cob  rot  of  corn  caused  by  Coniosporium 
gecevi  Bubak.     It  is  reported  that — 

Coniosporium  has  an  economic  significance  in  that  it  destroys  the  cob  tissue  as  a 
saprophyte;  its  effect  on  the  kernels  is  rather  limited  when  compared  with  the  injury 
of  Diplodia,  Fusarium,  and  other  fungi. 

Pammel  (24)  briefly  described  a  serious  root  rot  and  stalk  disease  of 
corn  and  later  with  King  (25)  published  their  studies  on  a  Fusarium 
disease  of  corn  and  sorghum. 

This  fusarium  disease  attacks  the  roots,  the  stalks,  and  the  ears  of  corn  at  least 
some  seasons.  It  has  not  been  determined  whether  all  the  symptoms  are  caused  by 
the  same  organism  or  not. 

Under  the  subject  heading  "  Ear  Rot,"  it  is  stated  that — 

the  molds  are  of  three  kinds.  One  attacks  the  kernels,  husks,  cobs,  and  sheaths,  the 
threads  of  the  mold  occurring  thru  the  cobs  and  sheaths,  and  destroying  the  kernels 
completely.  The  second  kind  of  mold  produces  a  deep  pink  or  red  color.  The  threads 
of  this  fungus  are  felty  and  penetrate  the  husks.  The  kernel  becomes  brittle  and  red. 
The  third  type  of  mold  attacks  an  occasional  kernel  and  is  not  so  serious.  Its  threads 
are  white.  A  fourth  fungus, parasitic  in  character,  was  found  on  the  ears,  stems,  and 
sheaths,  and  also  on  the  roots.    It  is  known  as  Diplodia  Rot. 

Regarding  the  Fusarium — 

the  mycelium  penetrates  not  only  the  living  cells,  but  also  occurs  in  the  intercellular 
spaces.  It  occurs  abundantly  in  the  embryo  and  endosperm  of  the  seed.  The  inocu- 
lation experiments  indicate  that  the  fungus  enters  not  only  with  the  seed,  by  seminal 
infection,  but  that  the  undeveloped  shoots  in  the  axils  of  the  leaves  probably  are 
responsible  for  some  of  the  infection  in  the  field.  The  disease  probably  spreads 
largely  with  the  seed  corn. 

No  determination  of  the  Fusarium  was  made  by  the  authors.  They 
observed  the  perithecia  of  Gibberella  abundantly  on  the  sheaths  and  stem 
of  corn  plants  but  were  unable  to  show  that  this  fungus  is  connected 
with  the  Fusarium  studied. 

Hoffer  and  Holbert  (18)  in  19 18  first  published  on  their  extensive 
studies  of  the  root,  stalk,  and  ear  rot  diseases  of  corn.  It  was  stated 
that- 
inconspicuous  rotting  of  the  stalks,  of  the  ears,  and  of  the  roots,  may  take  place  with  no 
apparent  injury.  The  kernels  from  ears  borne  on  diseased  plants  will  have  seedling 
characteristics  which  can  be  noted  usually  on  the  germinator.  Those  seedlings  which 
have  rotted  embryos  and  stalks  indicate  the  ears  to  be  discarded  for  seed  purposes. 
The  harmful  organisms  referred  to  in  this  bulletin  are  species  of  Gibberella,  Fusarium , 
Verticillium,  Rhizopus,  and  Pseudomonas. 

No  determination  of  the  species  was  mentioned  at  this  time.  In  a  later 
publication  (20)  it  is  reported  that — 

these  rot  diseases  are  caused  by  a  number  of  factors  working  more  or  less  together, 
some  of  which  are  well  known  and  others  less  fully  known.  Investigations  have 
shown  that  certain  fungi  G.  acervalis  (Moug)  Wr.  and  G.  saubinetii  (Mont.)  Sacc.  as 
well  as  certain  bacteria  are  commonly  present  in  diseased  corn  plants  in  the  field. 
On  the  germinator  those  organisms  as  well  as  certain  molds  (Rhizopus,  Aspergillus, 
«tc.)  also  may  occur  on  diseased,  weak,  or  immature  kernels  and  seedlings. 

These  authors  in  a  recent  abstract  (21)  on  corn  root  and  stalk  rots  con- 
sider the  pathogenes  are  chiefly  species  of  Fusarium  and  Gibberella. 

The  common  wheat  scab  organism,  G.  saubinetii  (Mont.)  Sacc.  is  probably  the  most 
common  pathogene  responsible  for  much  of  the  root  and  stalk  rotting  of  corn  plants 
in  the  Central  States. 
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Hoffer  (17)  reports  similar  observations  for  sweet  corn — 

It  is  believed  that  the  greatest  damage  to  large  numbers  of  seed  ears  by  harmful 
organisms  occurs  when  the  ears  are  left  in  the  field  for  long  periods  after  maturity. 

Stover  (34)  in  Ohio  testing  seed  corn  for  germination  mentions  the 
presence  of  Fusarium-like  fungi.  Gilman  (14)  reports  a  Fusarium- wilt 
of  corn  in  Iowa.  Isolations  established  the  presence  of  a  Fusarium  in  93 
per  cent  of  the  cases  with  seedlings  6  inches  high  showing  a  brown  dis- 
coloration of  the  vascular  system  at  the  crown. 

The  literature  as  reviewed  establishes  the  fact  that  exclusive  of  Dip- 
lodia,  only  species  of  Fusarium  have  been  definitely  established  with  the 
rot  diseases  of  corn.  Germination  tests  have  been  observed  to  reveal  the 
presence  of  the  fungi,  but  no  studies  have  shown  the  method  by  which 
the  pathogenes  are  carried  in  what  appears  to  be  healthy,  normal  seed 
corn. 

METHODS 

The  manner  in  which  infection  is  carried  in  seeds  showing  no  externa* 
symptoms  was  determined  by  germination,  cultural,  and  histological 
studies. 

A  representative  sample  of  over  100  kernels  was  selected  from  each  ear 
of  corn,  10  of  which  were  used  for  each  germination.  The  germination 
test  was  conducted  for  the  most  part  in  a  Geneva  germinator  and  with  a 
modified  rag-doll  type  of  germinator.  This  method  of  germination  gives 
complete  evidence  as  to  the  relative  germination  or  viability.  Such  a 
test  does  not  provide  in  all  cases  for  an  accurate  determination  of  what 
fungi  are  being  carried  internal  of  the  seed.  The  seed  from  harvesting 
to  the  usual  time  of  germination  is  exposed  to  contamination  by  many 
saprophytic  and  in  some  instances  parasitic  fungi.  The  growth  from  such 
superficial  adhering  spores  may  be  so  rapid  and  abundant  as  to  make  the 
identity  of  the  internal  parasites  impossible.  At  the  end  of  7  or  10  days 
the  seedlings  were  examined  for  internal  symptoms  as  suggested  by 
Hoffer  and  Holbert  (20)  in  their  studies.  This  point  will  be  discussed  in 
more  detail  in  a  later  paper  on  seedling  and  stalk  infection. 

The  most  accurate  test  that  we  have  found  for  determining  the  pres- 
ence of  fungi  internal  of  seed  corn,  and  one  which  at  the  same  time 
readily  permits  of  the  identification  of  the  fungi,  is  carried  out  by  disin- 
fecting and  planting  the  kernels  or  crushed  kernels  in  sterile  culture 
medium  in  Petri  dishes  as  shown  in  Plates  3,  4,  and  11.  Fifteen  or  more 
kernels  are  disinfected  in  a  test  tube  150  by  20  mm.  for  one  minute  in  a 
solution  of  50  per  cent  alcohol  containing  1  gm.  of  bichlorid  of  mercury 
in  each  liter.  This  solution  is  known  as  a  1  to  1,000  HgCl,  in  50  per 
cent  alcohol.  Following  this  treatment  the  kernels  are  washed  in  the 
same  tube  with  two  successive  washings  with  20  cc.  each  of  sterile  water, 
and  immediately  10  kernels  are  removed  aseptically  with  sterile  forceps 
and  placed  with  the  germ  side  down  on  20  cc.  of  nutrient  dextrose  agar 
in  a  sterile  culture  dish.  Further,  5  of  the  remaining  kernels  are  each 
placed  in  a  sterile  culture  dish,  and  with  a  sterile  scalpel  the  point  of  the 
kernel,  which  is  the  portion  that  contains  most  of  the  internal  infection, 
is  cut  off  V6  t°  Vs  mcn  from  the  end;  then  with  a  strong  sterile  forcep 
each  point  is  placed  in  the  mouth  of  a  heavy-walled  tube  (it  requires  a 
strong  tube  and  strong  forceps,  as  crushing  is  not  easy)  150  by  20  mm., 
containing  10  cc.  of  sterile  nutrient  dextrose  agar  medium  at  430  C. ; 
the  point  is  thoroughly  crushed  and  shaken  down  into  the  medium, 
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then  well  mixed  and  poured  into  the  sterile  culture  dish  containing  the 
remaining  part  of  the  kernel.  These  methods  were  used  extensively  by 
the  senior  author  in  his  studies  on  fungi  internal  of  Flax  in  1904  3  and 
wheat  in  1909  (28).  In  this  manner  a  greater  distribution  of  the 
mycelium  or  spores  is  possible  and  allows  for  accurate  interpretation  in 
instances  where  more  than  one  fungus  is  being  carried.  Some  of  the 
kernels  carried  three  parasitic  fungi  (PI.  5,  10,  and  11);  crushing  was  the 
most  efficient  means  of  determining  all  fungi  present;  on  the  plate  con- 
taining uncrushed  kernels  the  faster  growing  fungi  inhibited  the  others. 
The  plates  were  read  at  the  end  of  7  to  10  days  for  the  presence  of 
all  bacterial  and  fungous  growth. 

In  most  of  the  cultural  plate  work  a  dextrose-peptone  agar  (tap  water 
1,000  cc,  dextrose  iogm.,  peptone  1  gm.,  agar  15  gm.)  was  of  great  value 
in  differentiating  the  several  parastic  fungi.  Twenty  cubic  centimeters 
of  medium  were  used  in  all  cultural  plates  in  which  10  kernels  of  corn 
were  placed  for  germination.  For  cultural  work  in  further  differentiat- 
ing the  various  pathogenes  potato  starch,  rice,  and  lima  bean  and  sweet 
potato  agar,  were  used  as  media.  None  of  the  media  was  standardized 
because  the  slight  acidity  resulting  was  favorable  for  differentiating  in 
particular  the  various  species  of  Fusarium. 

Owing  to  the  texture  of  the  ripened  kernel,  histological  methods  of 
investigation  meet  with  difficulties.  The  germ  end  and  the  cob,  which  are 
most  important  for  studying,  are  very  horny  in  texture  and  difficult  to 
section.  Fixation  is  not  so  difficult,  and  in  our  work  Carnoy's  killer  was 
found  most  satisfactory  for  thorough  penetration.  If  the  kernels  to  be 
fixed  are  first  cut  in  half,  better  killing  and  infiltration  of  paraffin  is 
secured.  The  kernels  are  best  softened  for  the  killer  by  soaking  for  24 
hours  in  warm  water,  boiling  till  inhibition  is  complete,  or  steaming  for 
10  minutes  in  the  autoclave.  Even  this  treatment  does  not  give  satis- 
factory softening  of  the  cap,  which  is  the  most  difficult  to  cut.  After 
killing,  the  kernels  are  dehydrated  by  the  usual  method,  and  serial  sec- 
tions are  cut  at  10  to  15/z  in  thickness  on  the  microtome.  All  material  was 
differentiated  with  Flemming's  triple  stain.  Rotted  kernels  resulting 
from  infection  with  Diplodia,  Gibberella,  and  Fusarium  moniliforme  are 
easily  prepared  for  histological  studies  by  soaking  eight  hours  in  water. 

CEPHALOSPORIUM i  SACCHARI  BUTLER 

A  fungus  unlike  any  previously  reported  in  this  country  as  far,  as  we 
could  determine,  was  found  very  prevalent  internal  of  seed  corn.  This 
fungus  morphologically  agrees  with  the  description  of  Cephalosporium 
sacchari  Butler,  as  reported  by  Butler  and  Kahn  {8)  on  sugar  cane  in 
India.  Butler  (7)  also  found  this  fungus  on  sugar  canes  shipped  from 
the  United  States  to  India.     In  view  of  these  facts  and  because  of  the  close 

3  Manns,  Thomas  F.  fungi  of  flax  sick  soil  and  flax  seed.  1904.  Unpublished  manuscript 
(Master's  thesis)  filed  in  Dept.  of  Botany,  College  of  Agriculture,  Fargo.  N.  Dak. 

*  In  February,  1922  and  again  in  April  01  the  sams  year.  Dr.  E.  J.  Butler,  of  the  Imperial  Bureau  of 
Mycology,  Kew,  England,  kindly  sent  the  authors  cultures  of  Cephalosporium  sacchari  isolated  from  sugar 
cane  by  Dr.  Shaw,  of  Pusa,  India.  There  was  some  question  in  Dr.  Butler's  mind  as  to  whether  the  first 
isolations  were  the  same  as  the  organism  he  originally  described  as  Cephalosporium  sacchari.  In  the  cul- 
tures sent  in  April,  1922,  Dr.  Butler  in  examining  the  n  stated  that  "It  seems  to  be  pretty  near  the  fungus 
as  I  know  it."  Both  of  these  cultures  in  our  hands  proved  to  be  a  Fusarium,  a  fungus  entirely  different 
from  the  organism  which  we  have  tentatively  referred  to  as  Cephalosporium  sacchari  Butler.  This  Fusa- 
rium sent  us  by  Dr.  Butler  when  grown  on  nutrient  dextrose  agar  gives  a  strong  purple  color.  It  is  proba- 
ble that  the  organism  we  have  tentatively  referred  to  the  species  Cephalosporium  sacchari  is  entirely  differ- 
ent; if  the  cultures  Dr.  Butler  sent  us  are  identical  with  the  organism  he  described  as  Cephalosporium 
sacchari,  then  his  species  should  become  Fusarium  sacchari  (Butler).  Our  Cephalosporium  must  receive 
then  further  consideration.     (This  footnote  was  added  February,  1923.) 
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relationship  between  the  two  hosts,  it  seems  better  to  refer  our  fungus 
tentatively  to  this  form  than  to  create  confusion  by  describing  a  new 
species.  Further  studies  are  in  progress  to  determine  the  status  of  our 
fungus. 

Butler  and  Khan  describe  the  symptoms  on  half -grown  canes  as 
follows : 

At  this  period  affected  canes  lag  in  growth,  and  stunted,  single  stools,  or  patches  of 
varying  size,  may  soon  be  observed  scattered  through  the  fields  in  which  the  disease 
is  prevalent.  From  this  on  until  the  time  of  harvest  withering  of  individual  canes, 
or  even  of  whole  stools  occurs.  The  leaves  dry  up,  as  if  insufficiently  supplied  with 
water,  followed  by  the  stems  which  become  light  and  hollow.  If  the  cane  be  split 
longitudinally  when  the  leaves  are  just  observed  to  wither,  a  characteristic  discolora- 
tion of  the  pith  may  be  observed. 

With  the  exception  of  a  slight  yellowing  discoloration  at  the  germ  end, 
no  external  symptoms  on  seed  corn  has  so  far  been  observed  which  assist 
in  determining  the  internal  infection  by  this  fungus.  Physical  characters 
of  the  cob,  except  slight  discoloration,  have  given  no  indications.  Shallow 
dents,  dull  appearance,  loose  cap  of  kernels  have  not  been  correlated 
with  infection.  In  some  instances  the  pith  at  the  butts  of  ears  is  dis- 
colored and  shredded,  but  this  condition  is  not  more  associated  with 
infection  by  this  parasite  than  with  that  by  any  of  the  other  species 
studied.  The  infection  so  far  has  been  determined  only  in  kernels  that 
appear  normal.  The  fungus  has  been  found  occasionally  associated 
with  the  typical  kernel  rot  produced  by  Fusarium  monih forme,  but  thus 
far  we  have  not  found  it  responsible  for  any  specific  symptom  of  disease 
on  kernel.  Germination  of  kernels  does  not  appear  to  be  seriously 
inhibited.  On  the  agar  plates  the  roots  are  often  discolored  about  the 
seventh  day.  Inoculations  at  nodes  and  internodes  in  plants  at  various 
stages  of  development  up  to  maturity  has  established  the  parasitic 
character  of  this  fungus  on  corn.  On  the  germinator  the  fungus  grows 
out  at  the  cap  and  develops  a  very  modified  white  growth  of  mycelium. 
The  mycelium  is  white  and  does  not  spread  in  growth  like  the  other 
forms.  In  the  limited  growth  numerous  short  white  filaments  are 
observed.  These  range  from  an  y&  to  %  inch  in  height  and  are  coremial- 
like  growths  (PI.  10,  G.).  Infection  with  F.  monili forme  may  also  be 
associated  with  this  fungus  in  which  case  the  more  spreading  and  effused 
growth  overruns  and  conceals  the  growth  of  Cephalosporium  sacchari. 

On  culture  media  the  growth  is  flat  with  little  aerial  mycelium  pro- 
duced. In  some  cultures,  upright  white  coremial  strands  appear,  as 
shown  in  Plate  10,  G.  The  oppressed  growth  on  the  surface  of  sugar 
media  as  well  as  the  spores  en  mass  are  salmon  colored.  On  starch  media 
a  slight  effused  grayish  growth  is  produced.  Butler  and  Khan  (8)  give 
the  following  discussion  of  spores : 

Conidia  borne  on  short,  simple  or  branched,  lateral  hyphae  and  also  terminally 
on  the  ultimate  branches  of  the  mycelium.  They  measure  4-12  /x  (usually  5-8  n) 
by  2-3  n  when  formed,  but  increase  in  size  prior  to  germination.  Their  shape  varies 
from  shortly  oval  to  ovoid  or  long  elliptical.  Occasionally  they  are  curved  or  with 
one  side  flattened.  Some  become  septate  prior  to  germination,  the  septa  being  1-3 
in  number. 

The  conidia  as  described  by  these  authors  are  aggregated  into  globules 
at  the  tip  of  conidiophores.  They  are  typical  glomerules,  but  the 
spores  are  not  held  together  in  a  slime  as  is  characteristic  for  the  genera 
Hyalopus  and  Gliobotrys.     We  find  the  conidia  on  the  host  measure 
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3.5  to  8  ix  by  1.8  to  2.6  jit.  On  culture  media  their  range  is  somewhat 
longer,  as  4.3  to  10  n  by  1.7  to  3  li.  The  conidiophores  range  from  16 
to  40  fx  in  length.  The  conidia  at  time  of  germination  are  much  larger 
and  often  septate,  as  shown  in  Plate  1,  B. 

GIBBERELLA  SAUBINETII  5  (MONT.)  SACC 

This  parasite  has  been  observed  extensively  on  cereals  in  this  country 
as  well  as  abroad.  Johnson,  Dickson,  and  Johann  (22)  have  shown  this 
to  be  the  most  prevalent  organism  in  producing  wheat  scab.  In  their 
study  of  over  1,000  specimens  collected  in  15  states,  Gibberella  saubinetii 
proved  to  be  the  chief  causal  organism.  Hoffer  and  Holbert  (20)  men- 
tion its  importance  in  connection  with  the  root  and  stalk  rot  of  corn. 
The  description  of  Fusarium  2  by  Burrill  and  Barrett  (6)  strongly  indi- 
cates they  were  working  with  this  species. 

As  with  the  preceding  species,  no  uniform  symptom  is  constantly 
associated  with  the  infection  of  seed  corn  by  this  parasite.  Plate  13, 
A,  B,  illustrates  the  extreme  type  of  infection.  We  have  consistently 
observed  such  infection  confined  to  the  tip  of  the  ear.  Such  ears  show 
a  superficial  growth  of  the  mycelium  between  the  rows  of  kernels  which 
are  found  to  be  rotted  throughout.  In  some  instances  the  silk  is  matted 
with  the  mycelium.  It  is  possible  that  such  an  association  indicates 
that  infection  was  established  before  maturity.  The  ear  illustrated  in 
Plate  13,  A,  was  exposed  to  the  changeable  weather  conditions  long 
after  the  usual  harvest  time.  Kernels  from  the  tip  of  this  ear  were 
disinfected  and  crushed  in  a  melted  tube  of  agar  for  a  poured  plate. 
A  pure  growth  of  Gibberella  saubinetii  was  recovered.  Kernels  from 
the  butt  of  this  ear  treated  in  a  similar  manner  showed  no  fungous 
growth. 

The  symptoms  and  effect  in  the  kernels  are  very  similar  to  that  of 
wheat  scab  infection.  White  varieties  of  corn  often  show  a  pink  dis- 
coloration of  the  kernels,  but  it  is  not  so  conspicuous  on  yellow  varieties. 
On  shelling  the  kernels  from  the  infected  end,  a  pinkish  discoloration 
of  the  fruit  cups  is  often  revealed.  This  appearance  is  only  evident 
where  heavy  infection  occurs.  The  rotted  kernels  are  very  brittle.  The 
starch  in  the  endosperm  is  loose  or  readily  crumbles.  The  embryo  in 
such  seeds  is  completely  destroyed.  All  parts  of  the  kernels  under 
such  conditions  are  invaded  by  the  mycelium.  The  mycelium  is  intra- 
cellular and  intercellular  with  the  same  resultant  effect  on  the  fruit  as 
reported  by  Adams  (r,  2)  for  wheat  scab  infection. 

Infection  of  seed  corn  is  also  found  which  to  all  external  appearance 
is  healthy.  On  the  germinator  such  corn  will  show  the  effused  growth 
of  the  fungus  at  the  cap  in  about  five  days.  Germination  is  retarded 
and  in  many  instances  inhibited  on  the  germinator  by  the  presence  of 
this  parasite.  The  perfect  stage  has  developed  on  infected  kernels  that 
have  been  allowed  to  dry  out  on  the  germinator  under  conditions  of  room 
temperature.  We  have  not  observed  the  perithecia  to  develop  in  any 
of  our  cultures.  Perithecia  are  commonly  found  fruiting  at  the  nodes 
of  old  cornstalks  in  the  field.  The  perfect  stage  has  been  found  fruit- 
ing abundantly  on  kernels  as  well  as  at  the  butt  and  in  the  fruit  cups 
on  ears  overwintering  in  the  field. 

*  See  footnote  4,  p.  500. 
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It  is  a  common  observation  that  where  wheat  follows  corn  wheat  scab 
is  more  prevalent.  The  ascospores  from  infected  cornstalks,  kernels, 
and  cobs  overwintering  in  the  field  are,  no  doubt,  in  part  the  source  of 
the  inoculum.  The  kernels  on  the  terminal  portion  of  ears  appears  to 
be  as  subject  to  infection  as  any  of  the  kernels  in  wheat  heads.  This 
would  appear  to  have  been  the  method  of  infection  of  the  ears  shown 
in  Plate  13,  A,  B. 

Hoffer,  Johnson,  and  Atanasoff  (19)  report  Gibberella  saubinetii  from 
corn  and  wheat  which  was  used  for  inoculation  on  wheat,  saying  that — 

the  organisms  from  both  sources  have  also  been  found  to  be  similar  morphologically. 
In  view  of  the  facts  developed  by  this  evidence,  it  seems  certain  that  these  are  inter- 
crop parasites  which  are  of  great  importance  in  developing  control  measures  for  one 
of  the  rots  of  the  root,  stalk,  and  ear  of  corn  and  for  scab  of  wheat. 

With  the  usual  abundant  fruiting  of  Gibberella  saubinetii  on  old  corn- 
stalks it  is  not  difficult  to  secure  pure  cultures  in  order  to  determine 
the  species  isolated  from  the  growth  on  germinating  kernels.  The 
fungus  produces  a  very  effused  growth  on  the  various  media  used. 
When  the  surface  of  the  medium  is  completely  covered  by  the  mycelium 
a  carmine  red  appearance  is  produced  and  the  aerial  mycelium  becomes 
yellowish  in  color.  Conidia  which  are  3-septate  to  5-septate  developed 
very  sparingly  in  culture,  and  no  true  chlamdospores  were  found.  The 
conidia  observed  in  our  cultures  were  for  the  greater  part  5-septate. 
Measurements  were  made  from  conidia  on  dextrose  agar  and  averaged 
42  to  52.5  n  by  3.5  to  4.7  /t.  A  good  detailed  description  of  this  species 
is  given  by  Wollenweber  (40) . 

FUSARIUM  MONILIFORME  SHELDON 

This  fungus,  described  by  Sheldon  (29)  in  1904  was  not  referred  to 
again  until  the  association  of  this  species  with  seedling-blight  of  conifers. 
Spaulding  (32)  mentions  this  species  among  some  damping-off  fungi  on 
seedling  conifers.  Hartley,  Merrill,  and  Rhoads  (25)  found  it  to  be  the 
most  virulent  of  those  tested  on  seedling  conifers.  As  previously  men- 
tioned, Valleau  (36)  considers  this  fungus  as  the  common  cause  of  the 
root,  stalk,  and  ear  rot  of  corn.  Norton  and  Chen  (23)  recently  called 
attention  to  a  new  parasite  of  corn.  They  discussed  the  resemblance 
of  their  fungus  to  Oospora  verticilloides  Sacc.  They  consider  their  fungus 
is  similar  to  Fusarium  moniliforme,  in  so  far  as  the  type  of  catenulate 
conidia  is  concerned,  but  failed  to  find  any  fusiform  or  macroconidia  as 
described  by  Sheldon  (29).  No  mention  of  macroconidia  since  Sheldon's 
studies  has  been  described  by  any  investigators  in  their  studies  with  this 
fungus.  They  are  sparingly  developed,  which  accounts  for  their  not  being 
commonly  observed.  It  is  of  further  interest  that  a  species  of  Fusarium 
should  possess  catenulate  conidia,  as  this  does  not  agree  with  the  char- 
acters of  this  form  genus.  Appel  and  Wollenweber  (5)  and  Sherbakoff 
(30)  do  not  consider  catenulate  conidia  in  their  description  of  this 
form  genus. 

The  fungus  Oospora  verticilloides  described  by  Saccardo  (27)  on  corn 
is  no  doubt  identical  with  Fusarium  moniliforme.  The  illustration  of 
spores  and  their  method  of  formation  and  measurement  (26)  are  identical. 
Later  Deckenbach  (9,  10)  and  Tiraboschi  (jj)  observed  this  fungus  on 
corn  in  connection  with  their  studies  on  pellegra.  Deckenbach  (9) 
observed  the  violet  and  lavender  color  this  fungus  takes  on  under  cul- 


504  Journal  of  Agricultural  Research  vol.  xxin,  no.  7 

tural  condition.  He  also  reports  finding  a  similar  color  on  seed  corn 
naturally  sick  with  Oospora.  This  discoloration  of  the  grains  we  have 
commonly  observed  with  infected  kernels  overwintering  under  field 
conditions.  Tiraboschi  {35)  gives  more  of  a  detailed  study  to  this 
fungus,  and  his  results  and  illustrations  are  very  convincing.  The 
confusion  in  the  past  regarding  the  identity  of  Fusarium  moniliforme 
and  Oospora  verticilloides  is  no  doubt  the  result  of  the  macronconidia 
being  overlooked. 

The  symptoms  on  seed  corn  produced  by  this  fungus  are  numerous 
and  more  commonly  found  than  those  produced  by  any  of  the  other 
internal  parasites.  The  first  conspicuous  symptom  is  that  of  the  typical 
kernel  rot.  Such  infected  kernels  appear  irregularly  distributed  in  the 
ear  as  shown  in  Plate  12,  D.  This  kernel  rot  in  appearance  agrees  with 
the  one  described  by  Burrill  and  Barret  (6)  as  caused  by  their  Fusarium  3. 

The  condition  of  such  infected  kernels  is  similar  to  Sheldon's  (29) 
description.  The  kernels  appear  slightly  shrunken  arid  light  brown 
in  color.  Such  kernels  are  soft  and  fragile,  with  the  contents  powdery, 
except  for  the  embryos,  which  are  discolored  and  shrunken.  In  some 
instances  a  slight  development  of  mycelium  and  spores  is  found  on  the 
surface.  Other  symptoms  of  infected  kernels  are  discolorations  of  the 
seed  coat.  These  discolorations  vary  from  a  light  brown  to  pink  and 
lavender  in  color.  They  may  be  evident  on  any  part  of  the  kernel  but 
are  most  commonly  found  near  the  germ  end.  This  discoloration  is  the 
result  of  the  development  of  mycelium  between  the  integuments.  These 
symptoms  become  more  pronounced  during  germination  because  of  the 
activity  of  the  fungus.  In  some  instances  the  fungus  may  spread  from 
the  germ  end  under  the  pericarp  so  as  to  discolor  the  lower  half  of  the 
kernel. 

Several  samples  of  bin-selected  ears  showed  cracking  of  kernels  just 
above  the  cap,  as  illustrated  in  Plate  12,  B.  This  cracking  would  involve 
as  many  as  8  or  10  adjacent  kernels  in  a  row.  Such  symptoms  were 
found  irregularly  distributed  throughout  the  ear.  In  the  majority  of 
such  cases  Fusarium  moniliforme  was  found  associated  with  such  injury. 
The  primary  cause  of  this  condition  was  not  determined.  The  influence 
of  excessive  moisture  and  growth  may  have  been  the  contributing 
factors.  However,  it  would  appear  from  all  evidence  that  the  fungus 
became  established  subsequent  to  the  cracking.  The  embryo  in  these 
cracked  kernels  is  frequently  killed  by  the  fungus.  However,  such 
seeds  seldom  develop  into  strong  seedlings,  owing  to  the  amount  of  infec- 
tion. A  series  of  20  cracked  and  20  normal-appearing  kernels  from  the 
same  ear  were  planted  in  the  greenhouse.  Only  9  of  the  cracked  kernels 
developed,  whereas  perfect  germination  and  development  were  secured 
with  the  ones  not  cracked.  During  germination,  when  the  plants  are 
6  to  8  inches  high,  it  is  found  on  removing  the  seedling  that  the  seed 
coat  is  conspicuously  discolored.  The  pericarp  takes  on  a  deep  lavender 
color. 

On  the  germinator,  infection  first  appears  as  a  slight  effused  growth 
around  the  cap.  As  a  rule,  the  fungus  ramifies  between  the  pericarp 
and  epidermis,  resulting  in  pronounced  discoloration  of  the  pericarp 
and  involving  the  lower  half  of  the  kernel.  Often  the  discoloration  will 
appear  as  irregular  streaks,  extending  from  the  germ  end  toward  the 
crown.  The  germination  of  corn  is  inhibited  by  this  fungus  but  not  as 
severely  as  was  observed  with  Gibberella  saubinetii  and  Diplodia  zeae. 
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The  kernel-rotted  seeds  (PI.  12,  E)  show  extensive  ramification  of  the 
fungus.  All  parts  of  the  kernels  are  invaded  by  the  mycelium,  which 
is  intercellular  as  well  as  intracellular.  The  resultant  effect  is  similar 
to  the  rot  produced  by  Gibberella  saubinetii  on  corn  and  wheat. 

On  culture  media  this  fungus  makes  a  slight  to  dense  effused  growth. 
With  some  strains  there  is  a  conspicuous  pigmentation  of  the  vegetative 
growth.  The  dense  growth  of  mycelium  often  appears  lavender  in 
color,  although  this  was  not  observed  to  be  consistent  for  any  one  strain 
regardless  of  the  medium.  The  catenulate  conidia  can  easily  be  deter- 
mined by  examining  the  aerial  growth  with  the  low-power  objective. 
The  chains  of  spores  vary  in  number,  and  the  maximum  counted  was  30 
spores  in  a  single  chain.  It  is  not  uncommon  to  find  the  conidia  aggre- 
gated into  heads,  as  shown  in  Plate  2,  G-H.  The  conidiophores  are 
simple  or  branched  as  shown  in  Plate  2,  D-F.  Strands  of  mycelium  with 
numerous  conidiophores  often  become  interlaced.  The  conidia  in  chains 
are  slightly  pyriform,  and  the  attenuated  end  of  the  spore  is  often  sharply 
rnuticate.  At  time  of  germination  they  are  considerably  larger  and  often 
with  one  or  two  cross  septa  (PI.  2,  B).  The  following  measurements  of 
microconidia  by  various  investigators  are  given  for  comparison: 

Saccardo  (27),  host  material 8  to  10/n  by  2.5  to  3^- 

Sheldon  (29) 6  to  10/u  length. 

Tiraboschi  (35) 5  to  -jn  by  2  to  3. 5m- 

Hartley,  Merrill,  and  Rhoads  (15) Prune  agar  4.8  to  6.3/1*  by  2.2 

to3.iAt;  corn  meal  7.4  to 
11. iM  length. 

Authors,  host  material 7  to  gn  by  2.6  to  3.5JU. 

Authors,  dextrose  medium 6.7  to  i2ju  by  2.5  to  3.5^- 

The  macroconidia  are  sparingly  developed  and  were  first  observed  in 
cultures  that  were  at  least  2  months  old.  Some  strains  even  as  old  as 
that  failed  to  develop  macroconidia.  We  did  not  observe  any  of  the 
macroconidia  on  host  material.  Marcoconidia  in  our  cultures  were  3- 
septate  and  measured  19  to  31.5  n  by  2.5  to  3.5  ju.  Cultures  on  rice  agar 
were  first  found  to  produce  macroconidia,  and  similar  results  were  ob- 
tained with  cultures  on  steamed  corn  meal. 

DIPLODIA  ZEAE  (SCHW.)  LEV. 

The  term  "dry  rot"  is  often  used  in  describing  the  effects  on  the  ears 
produced  by  this  fungus.  However,  the  term  seems  no  more  applicable 
in  this  case  than  for  the  kernel-rot  produced  by  Fusarium  monilijorme 
and  Gibberella  saubinetii. 

In  extreme  infection  of  the  ears  the  matting  and  rotting  are  similar 
to  that  described  for  Gibberella  saubinetii  (PI.  13)  and  which  by  growers 
is  called  moldy  ears.  The  mycelium  is  established  in  a  like  manner, 
but  no  pink  coloration  is  produced,  such  as  is  often  found  with  infection 
of  G.  saubinetii.  Kernels  of  both  white  and  yellow  varieties  of  corn 
show  considerable  blackening,  which  varies  from  irregular  streaks  to 
large  areas  involving  more  or  less  the  entire  kernel.  In  some  instances 
the  development  of  pyenidia  is  so  abundant  as  to  produce  this  blackened 
appearance.  It  is  not  uncommon  to  find  scattered  infected  kernels  at 
the  tip  of  ears  of  which  the  upper  part  is  brown  to  black  in  color.  The 
pericarp  in  this  region  is  of  a  fragile  texture,  and  inside  is  found  a  powdery 
brown  mass  consisting  of  corroded  starch  grains  with  abundant  brown 
septate  mycelium. 
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A  study  of  diseased  kernels  in  cross  section  has  shown  the  fungus  well 
established  between  the  aleurone  layer  and  integuments.  Immature 
pycnidia  have  been  observed  in  this  region.  The  mycelium  ramifies 
through  the  endosperm  tissue.  The  starch  grains  appear  corroded,  as 
reported  by  Heald,  Wilcox,  and  Pool  (16).  Rotted  kernels  present  the 
same  physical  condition  as  that  described  for  Fusarium  moniliforme. 

Kernels  which  appear  normal  but  show  infection  during  germination 
often  produce  black  streaks  at  the  germ  end.  This  appearance  results 
from  developing  and  progressing  of  the  fungus  under  the  pericarp.  An 
interlaced  mass  of  brown  mycelium  is  often  found  developing  under  the 
pericarp.  The  most  conspicuous  sign  is  found  during  germination  with 
the  effused  growth  of  white,  cottony  mycelium  at  the  germ  end.  Germi- 
nation is  greatly  retarded  and  often  inhibited  as  a  result  of  infection.  A 
summary  of  extensive  germination  tests  shows  that  this  fungus  is  more 
inhibitive  to  germination  than  the  other  parasites  described. 

The  white,  cottony  effused  growth  of  this  fungus  in  agar  cultures 
is  easily  determined.  The  mycelium  on  the  substratum  takes  on  a 
brownish  appearance  with  age.  On  rice  agar  it  fruits  abundantly.  The 
conidia  (pycnospores)  are  2-celled  and  brown  in  color.  Measurements 
of  conidia  from  infected  roots  and  cultures  are  the  same.  Conidia  from 
rice  media  measure  16.5  to  31.5  ju.  by  5  to  6  //. 

PREVALENCE 

In  making  a  survey  of  fungi  internal  of  corn  in  Delaware  an  appeal 
was  made  to  several  hundred  farmers,  including  many  members  of  the 
State  Corn  Growers'  Association,  requesting  at  least  four  ears  of  seed 
corn,  two  of  which  should  represent  the  best  seed  corn  grown  and  two 
ears  much  above  the  average  from  bin  selection;  the  object  of  making 
a  request  of  this  nature  was  to  secure  material  from  which  first-hand 
information  could  be  obtained  on  the  amount  of  internal  infection 
carried  in  seed  corn  and  to  learn  whether  field  selection  was  superior 
to  bin  selection.  In  order  to  make  a  comparison  with  other  States  a 
request  for  cooperation  was  sent  to  pathologists  and  agronomists  of  20 
States  of  the  corn  belt. 

A  careful  review  of  Table  I  indicates  that  there  are  at  least  four  species 
of  fungi  commonly  found  internal  of  seed  corn  which  are  widely  dis- 
tributed. We  fully  realize  that  the  survey  if  not  extensive  enough  to 
show  the  condition  prevailing  in  seed  corn  in  the  several  districts  through- 
out the  United  States.  Superficially  the  survey  shows  that  the  organ- 
isms vary  in  prevalence  considerably  throughout  the  different  sections. 
Cephalosporium  sacchari,  Fusarium  moniliforme,  and  Diplodia  zeae  seem 
to  have  a  wide  range  but  are  probably  more  prevalent  through  the 
middle  tier  of  States  and  the  southern  States,  whereas  Gibberella  sau- 
binetii  appears  more  prevalent  through  the  States  producing  winter 
wheat. 

In  North  Dakota,  from  which  25  samples  were  received  out  of  which 
375  kernels  were  cultured,  no  Cephalosporium  sacchari  or  Gibberella 
saubinetii  was  found  and  only  a  trace  of  Fusarium  moniliforme  and 
Diplodia  zeae.  The  samples  from  several  or  the  States  were  not  rep- 
resentative farm  samples  but  were  sent  as  special  selections  from  ex- 
periment stations. 
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Table  I. — Survey  by  States  of  parasitic  fungi  internal  of  seed  corn 


State. 


Del...  . 
Ark... 
Conn. . 

Ill 

Ind.... 
Ky.... 
Kans . . 

La 

Mass.  . 
Md.  ... 
Minn.  . 
Miss. . . 
Nebr.. 
N.  C. .. 
N.  Dak 
N.J... 
N.  Y. .. 
Ohio... 

Pa 

Tex. .. 
Wis. . . . 


Number 
of 

samples. 


219 

15 
12 

25 
17 

34 

12 

1 

5 
10 

10 

16 

10 

25 
10 

6 

11 
14 

7 
7 


Number 
of  ker- 
nels cul- 
tured. 


3>  285 
225 
180 

375 
255 
5io 
180 

15 

75 

15° 

150 

240 

215 
150 
375 
150 
90 

165 
210 

105 
105 


Cephalo- 
sporium 
sacchari. 


Per  cent. 

39-54 

22.  00 

16.66 

2.  00 

4.  70 

3.82 

11.  66 


46.  00 
10.  00 

38.  13 
22.85 
38.00 


24.  00 


10.  90 

S-7i 
14.28 
20.  00 


Gibber- 
ella  sau- 
binetii. 


Per  cent. 

5-95 

i-33 

25-83 


4.70 
4.  11 


12.  00 
7.  00 


12.  00 


2.  00 


21.  00 

3-33 

22.  72 
7.87 


2.85 


Fusa- 

riutn 

monili- 

forme. 


Per  cent. 
19.92 

35-  33 
41.  66 
12.  40 


17.94 
30.  00 
80.  00 
10.  00 
12.  00 
43.00 
40.  00 
20.  00 
48.  00 
.40 
17.  00 


Diptodia 
zeae. 


I.82 


71.42 


Per  cent. 
5-69 
3-33 


7.  20 
4-85 


8.00 
14.  00 


3.  12 
1.42 


.80 
2.  00 


12.73 


2-85 
10.85 


Germination. 


Strong. 


Per  cent. 

86-35 
66.  00 

84.  16 

82.80 

96.44 

59-7° 

88.33 
100.  00 

85.  00 
65.00 
37.00 
74-37 
85-7I 
86.00 
85.  60 
79.  00 
96.  67 
49.09 

89-57 
21.  42 

97.14 


Weak. 


Per  cent. 

9-56 
26.66 
14.  16 
16.  OO 

3-56 

i5-  59 
11.  67 


Dead. 


Per  cent. 
4.09 

7-34 
1.68 
I.  20 


6.  00 

35- 00 
55-  00 
25.  00 

4.28 
14.  00 

1.  20 

21.  OO 

3-33 
50.91 

3-57 
78.  58 


24.71 


9.00 


8.00 

•63 
10.  01 


13.20 


6.86 
2.86 


Of  the  several  parasitic  fungi  carrying  internal  of  seed  corn  in  Dela- 
ware Cephalosporium  sacchari  is  most  prevalent,  occurring  in  the  several 
thousand  kernels  cultured  to  the  extent  of  39.54  per  cent.  This  fungus 
is  frequently  found  associated  in  the  same  kernel  with  the  other  parasitic 
fungi  Fusarium,  moniliforme,   Gibber ella  saubinetii,   and  Diplodia  zeae. 

Fusarium  moniliforme  as  an  internal  parasite  is  found  to  the  extent  of 
19.92  per  cent  in  seed  corn  in  Delaware.  Its  latitude  or  range  of  infec- 
tion is  the  same  as  that  of  Cephalosporium  sacchari,  and  frequently  both 
are  found  occupying  the  same  kernels.  The  fact  that  C.  sacchari  and 
F.  moniliforme  fruit  abundantly  both  internally  and  externally  of  seed 
corn  would  indicate  that  surface  contamination  must  be  very  common. 

Gibberella  saubinetii  is  much  less  common  as  an  internal  parasite  of 
corn  in  Delaware  and  throughout  the  United  States  than  either  Cephalo- 
sporium sacchari  or  Fusarium  moniliforme.  In  Delaware  5.95  per  cent 
of  the  kernels  cultured  gave  this  fungus.  The  fact  that  G.  saubinetii 
fruits  more  sparingly  as  an  ear  rot  and  kernel  infection  of  corn  and  pro- 
duces no  chlamydospores  would  indicate  that  as  a  seed-carrying  organism 
its  possibility  of  distribution  is  much  more  limited  than  that  of  either  C. 
sacchari  or  Fusarium  moniliforme.  Its  prevalence  seems  to  vary  greatly 
in  the  several  districts. 

Diplodia  zeae  like  the  other  parasites  considered  above  may  be  internal 
of  seed  corn  that  appears  entirely  healthy.  Its  prevalence  in  Delaware 
seed  corn  for  1920  was  5.69  per  cent.  As  a  parasite  its  range  of  activity, 
judging  from  internal  infection,  is  identical  with  that  of  Cephalosporium 
sacchari  and  Fusarium  moniliforme — probably  not  quite  so  great  in  the 
Gulf  States  as  in  the  Central  States. 
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Species  of  the  following  fungi  in  several  instances  also  have  been  found 
internal  of  seed  corn:  Aspergillus,  Penicillium,  Cladosporium,  Alternaria, 
Rhizopus,  Torula,  Hormodendron,  Chaetomium,  Helminthosporium, 
and  Spicaria.  Colletotrichum,  cereale  has  also  been  found.  Adams  and 
Russell  (2)  have  shown  Rhizopus  nigricans  to  be  a  parasite  of  the  storage 
tissue  of  the  scutellum  and  a  limiting  factor  in  germination.  The  junior 
writer  has  also  noted  the  same  condition  for  species  of  Penicillium  and 
Aspergillus.  It  is  possible  the  other  forms  are  likewise  concerned  with 
inhibiting  germination.  Unlike  the  four  species  described  above,  these 
fungi  are  not  so  consistently  found  associated  with  seed  corn,  hence  are 
of  much  less  importance.  Also  several  times  we  have  met  with  two 
species  of  bacteria,  a  yellow  organism  and  a  white  organism ;  the  import- 
ance of  these  we  have  not  determined.  The  extent  of  these  associated 
fungi  and  bacteria  as  internal  organisms  is  given  in  detail  in  the  Table  II, 
which  shows  the  general  distribution  and  prevalence  of  fungi  internal  of 
seed  corn  by  samples  from  the  several  States. 

By  a  careful  study  of  Table  II  it  is  occasionally  seen  that  there  are 
samples  of  corn  running  low  in  germination  that  contain  no  internal 
parasites.  The  explanation  of  this  may  be  root  rot,  so  weakening  the 
plants  as  to  effect  germination,  or  possibly  storage  difficulties  which 
reduced  viability.  As  a  rule,  weakened  or  impaired  germination  seems 
to  be  associated  with  internal  infection,  the  most  inhibiting  parasites 
being  Diplodia  zeae  and  Gibberella  saubinetii. 

Table  II- — Distribution  and  prevalence  0/ fungi  internal  of  seed  corn 


State  and  variety. 

Cepha- 
lospo- 
rin™, 
sac- 
chari. 

Gib- 
berella 

sau- 
binetii. 

Fusa- 

rium 

monili- 

forme. 

Di- 
plodia 
zeae. 

Other 
fungi.  6 

Germination. 

No." 

Strong. 

Weak. 

iA 

DELAWARE 

Yellow  Dent,  local . 

Per  ct. 
60 

Per  ct. 

Per  ct. 
20 

Per  ct. 

Per  ct. 

Per  ct. 

90 

IOO 

IOO 

IOO 

90 

80 

IOO 

90 

IOO 
IOO 
IOO 
IOO 

80 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

70 

Per  ct. 
10 

iB 

do 

iC 

do 

iD 

..do 

40 

IOO 

20 

2A 

do 

10 

2B 

10 

2C 

do..                      

2D 

do 

20 

3A 
3B 
3C 
3D 
4A 
4B 
4C 
4D 
5A 
5B 
6A 

Johnson  County  White 

do 

20 
IOO 
IOO 
IOO 

IOO 

80 

IOO 

IOO 

25 

20 

10  30 

do 

do 

Yellow  Dent,  local 

do 

20 
80 

do 

do 

White  Dent,  local 

do 

60 

do 

6B 

....do 

IOO 

7A 

Reid  Yellow  Dent 

60 

80 

7B 

do 

30 

0  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

b  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  i,  Aspergillus  spp. ;  2, 
Cladosporium  spp.;  3,  Penicillium  spp.;  4,  Alternaria  spp.;  5,  Helminthosporium  spp.;  6,  Rhizopus  spp.; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  n,  Colletotrichum  cereale;  12, 
Bacterium  spp. 


Feb.  17,  1923 


Parasitic  Fungi  Internal  of  Seed  Corn 


509 


Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  corn— Continued 


State  and  variety. 

Cepha- 

lospo- 

rium 

sac- 

chari. 

Gib- 
berella 

sau- 
bientii. 

Fusa- 
rium 
mon  ili- 
forme. 

Di- 

plodia 
zeae. 

Other 

fungi.* 

Germination. 

N0.0 

Strong. 

Weak. 

8A 

Delaware — continued 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 
60 
40 
20 

Per  ct. 
10  40 

Per  ct. 
IOO 
70 
IOO 
IOO 
IOO 

30 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

90 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

IOO 
IOO 

70 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

80 

IOO 

80 

IOO 
IOO 

70 

IOO 

70 

IOO 
IOO 

72 

IOO 

90 

IO 

IOO 

IO 

90 

IOO 
IOO 
IOO 

90 

Per  ct. 

8B 

do                      

100 
20 
60 

100 
80 

30 

9A 

oB 

10A 

Yellow  Dent,  local 

40 
20 

20 
60 

do                    

do                          

10B 

.  .  do 

70 
20 

11A 

Early  Bristol ....                

11B 

do 

80 
100 
100 

60 
100 



40 
40 
40 

12A 

.  .  do  

12B 

.  do 

13A 
13B 
14A 
14B 
15A 
15B 
15C 
15D 
16A 

White  Dent,  local 

.do                

20 

do                                

do                            

100 
80 


Yellow  Dent,  local 

Yellow  Dent   local 

80 
20 
20 

IOO 
60 

IOO 

80 

do                    

10  20 

White  Capped  Yellow  Dent, 
local. 

do            

16B 

40 

17A 
17B 
18A 

do  

40 

do  

IO 

30 

..do 

20 

18B 

.  .do 

18C 

.  do 

80 
40 

20 
20 
20 

18D 

.do 

20 

19A 
19B 
19C 
19D 
20 

White  Dent,  local 

do 

60 

IOO 

40 

20 

60 

.  .do 



60 

.  .do 

Yellow  Dent,  local 

IOO 

21A 

..do 

IOO 

21B 

..do 

80 

21C 

.do ' 

IOO 

60 

IOO 

30 

!lD 

..do 

60 

21E 

.  .do 

30 

22A 

...do 

22B 

.  .do 

IOO 

7  60 

3  SO 

22C 

.do 

20 

23A 

White  capped  Yellow  Dent, 

23B 
24A 
24B 

do 

IO 

.  .do 

40 

20 

70 

do 

60 
60 

20 

25A 
25B 
25C 
25D 
26A 

Johnson  County  White 

do 

90 

do 

do 

20 
20 
20 

Reid  Yellow  Dent 

26B 

do 

1  Letters  A,  B,  C,  D,  etc..  indicate  different  ears  from  same  source. 

b  The  smill  numb;r?  in  this  column  refer  to  the  following  numbered  fungi:  1,  Aspergillus  spp.;  1, 
Cladosporium  spp.;  3,  Penicillium  spp.;  4,  AUernaria  spp.;  s,  Hel-ninthosporiu.nl  spp.;  6,  tthizopus  spp.; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomiuin  spp.;  11,  Colletotrichum  cereale;  12, 
Bacterium  spp. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  corn — Continued 


No." 


27A 
27B 
28A 
28B 
28C 
28D 
29A 
29B 
30A 
30B 
31A 
3iB 
3iC 
31D 
32A 
32B 
32C 
32D 

33& 
33B 
33C 
33V 
33% 
34A 
34B 
34C 
34D 
34E 
35A 

35B 

35C 
35D 

36A 
36B 
37A 
37B 
38A 
38B 
38C 
39A 
39B 
40A 
40B 
40C 
40D 
40E 
41A 
41B 
41C 
42A 
42B 


State  and  variety. 


DELAWARE — continued 


Reid  Yellow  Dent 

do 

Yellow  Dent,  local 

do 

do 

do 

Reid  Yellow  Dent 

do 

do 

do 

White  Dent,  local 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Reid  Yellow  Dent 

do 

do 

do 

....do 

White  Capped  Yellow  Dent, 

local 

do 

do 

do 

do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

....do 

White  Dent,  local 

....do 


....do. 
....do. 
....do 
....do 
....do 
....do. 
Yellow 
...do. 


Dent,  local. 


Cepha- 
lospo- 
rin™ 
sec- 
chari. 


Per  ct. 


IOO 

100 

80 

20 

30 

IOO 


IOO 


IOO 

60 

IOO 

30 

IOO 

IOO 

60 
80 


60 

IOO 

60 


60 


20 


50 


60 
40 

20 

40 


20 

60 

20 


20 

40 

IOO 


Gib- 
berella 

saii- 
bientii. 


Per  ct. 


IOO 
IOO 


25 

20 

40 


40 

IOO 


70 


40 
40 

10 


40 
40 


Fusa- 

rium 

monili- 

forme. 


Per  ct. 


30 

20 

20 

IOO 

IOO 


80 


40 

10 

IOO 

30 

10 
20 

40 

20 


60 

20 

80 
80 

IOO 
IOO 

20 


Di- 

plodia 
forme. 


Per  ct. 


20 


88 
60 


40 
10 


40 


Other 
fungi.'* 


Germination. 


40 


20 


60 
*8o 


10 


20 


10 
10 


60 


Perct. 
3  20 
7  60 


Strong. 


Per  ct. 
IOO 
60 
IOO 
IOO 
IOO 

90 

IOO 
IOO 
IOO 
IOO 

50 
70 

IOO 

60 
90 

IOO 

90 

IOO 


IOO 
IOO 


IOO 

80 
80 
80 
40 
60 

50 

IOO 

60 

IOO 

30 

10 

IOO 
IOO 

80 

IOO 
IOO 

70 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

90 
70 
90 

50 

70 


Weak. 


Per  ct. 

30 


30 
30 


40 


40 


20 

40 
30 

30 
40 


50 
90 


20 


30 


30 


«  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

b  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  1,  Aspergillus  spp.;  2, 
Clados  porium  spp.;  3,  Peinicillum  spp.;  4,  Aliernaria  spp.;  5,  Helminthos  porium  spp.;  6,  Rhizopus  spp. ; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  n,  Colletotrichum  cereale;  n, 
Bacterium  spp. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  corn — Continued 


State  and  variety. 

Cepha- 

lospo- 

rium 

sac- 

chari. 

Gib- 
berella 

sau- 
bientii. 

Fusa- 

rium 

monili- 

forme. 

Di 

plndia 
zeae. 

Other 
fungi. 

Germination. 

No." 

Strong. 

Weak. 

43  A 

DELAWARE — continued 

White  Capped  Yellow  Dent, 
local 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 
60 

Per  ct. 

Per  ct. 

IOO 

40 

IOO 

IOO 

90 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

90 

IOO 
IOO 
IOO 
IOO 

40 
90 

IOO 
IOO 

90 

IOO 
IOO 

70 

IOO 

40 

IOO 

20 

40 

IOO 
IOO 

40 
90 

IOO 
IOO 
IOO 
IOO 
IOO 

60 

IOO 

30 

IOO 
IOO 
IOO 

80 

70 

IOO 

Perct. 

43B 
43C 
43  D 
44A 
44B 

45A 
45B 
46A 

do 

60 

do 

...do 

20 

80 

40 

IOO 

Yellow  Dent,  local 

20 

5° 

40 

do 

.....do 

20 
40 

do 

Johnson  County  White 

46B 

do 

46C 

do 

46D 

do 

46E 

do 

46F 

do 

47A 
47  B 
47C 
47D 
48A 

Cloud's  Yellow  Dent 

20 

do 

do 

do 

48B 

do 

40 

IO 

48C 

do 

40 
40 
60 
60 
IOO 

48D 

do 

20 

60 

60 

IOO 

IOO 

60 

IOO 

IOO 

25 
60 

49A 
49B 
49C 
49D 

White  Dent,  local 

do 

do 

do 

50 

20 

75 

75 

IOO 

60 

51 

White  Dent,  local 

25 
40 

52 

do 

30 

S3 

do 

54 

do 

40 
40 

80 

55 

do 

56 

do 

30 
50 

IOO 

40 
60 

IOO 
IOO 

80 

IOO 
IOO 
IOO 



66 

57 
58 
59 
60 

do 

IO 

40 

do 

5° 
40 
40 

60 

do 

IO 

do 

61 

do 

62 

do 

20 
80 

63 

64 

do 

do 

65 
66 

do 

IOO 

40 

do 

67 
68 

do 

IOO 

70 

do 

IOO 

69 

do 

25 

70 

do 

7i 
72 

do 

20 

IOO 

50 

40 

do 

30 

73 

do 

IOO 

o  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 
26550—23 2 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  corn — Continued 


State  and  variety. 

CePha- 

lospo- 

rium 

sac- 

chari. 

Gib- 
berella 

sau- 
bientii. 

Fusa- 

rium 

monili- 

forme. 

Di- 

plodia 
zeae. 

Other 
fungi. b 

Germination. 

No." 

Strong. 

Weak. 

74 
75A 
75B 
75C 

75D 

76A 
76B 
76C 

Delaware — continued 
White  Dent,  local 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 
»IO 

Per  ct. 

IOO 

IOO 

IOO 

IOO 

80 

90 

IOO 

IOO 

IOO 

IOO 

IOO 

IOO 

IOO 

IO 

40 
60 

IOO 

70 

Per  ct. 

do 

40 
IO 
40 
60 

do 

40 

20 

40 
IO 
20 
20 

do 

do 

340 

IO 

IC 

do 

3IOO 

do 

77 

78A 

78B 

White  Dent,  local 

do 

20 
20 
40 

IOO 
20 
20 

IOO 

20 

do 

78C 
78D 
79A 
79B 
79C 
79D 
80A 

do 

do 

12 1 00 

Yellow  Dent,  local 

IOO 

90 
60 

do. 

940 

do 

40 

do 

Golden  Beauty 

80 

30 

IOO 

80B 

do 

80C 

do 

20 

320 

/  n20 

\»ao 

60 

IOO 

\    IOO 

IOO 
IOO 

60 
40 

70 

20 

30 
50 

IOO 
IOO 
IOO 

70 
80 
90 

IO 

30 
60 

30 

5° 

IOO 

40 

80D 

do 

80E 

do 

80F 

do 

80G 

do 

80H 

do 

20 

40 

81A 

White  Dent,  local 

20 

IOO 

80 

IOO 

60 

81B 

do 

30 
80 

81C 

do 

80 

81D 

do 

20 

40 

IOO 

40 

IOO 
20 

40 
30 

20 

70 

81E 

do 

36o 

^0 

82A 

Bristol  Dent 

82B 

do 

82C 

do 

83 
84 

85 
86 

ARKANSAS 

Washington  County .  . 

20 

60 

IO 

20 

IOO 

20 

40 
40 

30 

20 

Paymaster 

Whartley  's  Prolific .  .  . 

Hackberry 

90 

87 
88 

McFarland 

70 

Southern  Beauty 

40 

89 
90 

9i 

92 

93 
94 

95 
96 

97 

Chesholm 

60 

10 
10 

70 

U.  S.  16s 

5° 

Stewarts  Yellow  Dent 

U.  S.  Sel.  No.  77.  . . 



20 

60 

20 

40 
80 

40 

!20 

Experiment  Station  Yellow .  . 

IOO 

90 
90 

IOO 

90 

Boone  County  White 

Laguna  Mexican  June 

IOO 

.  .    20 

TO 

IO 

IO 

Biggs— Seven— Ear 

20 

Eureka 

20 

IO 

°  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

b  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  i,  Aspergillus  spp. ;  2 
Cladosporium  spp.;  3,  Penicillium  spp.;  4,  Alternaria  spp.;  5,  Helminthosporium  spp.;  6,  Rhizopus  spp.; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  IX,  Colletolrickum  cereak;  12, 
Bacterium  spp. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  com — Continued 


No.  a 


98 

99 
100 
101 
102 
103 
104 

106 
107 

108 

109 


no 
III 

112 

"3 

"4  : 

«s  ; 

116 

"Z 

118  ! 

119  I 
120 

121  j 

122  ; 

123  i 

124 

125 
126 
127 

128  I 

129 
J3° 

131 

132 

*33 
134 

135 


136 
137 
138 
139 
140 
141 
142 

143 


State  and  variety. 


CONNECTICUT 


Bearsley's  Learning. 

Webber's  Dent 

Early  Lakeside 

King  Philip 

Sharon  White  Cap .  . 

Pride  of  North 

Golden  Nugget 

Sanford  White 


1 


Cepha- 
lospo- 
rin m 
sac- 
chart. 


Gib-  I  Fusa- 
berella  ,    rium 

sau-  |  monili- 
bientii.  '  forme. 


Di- 
li toil  ia 
zeae. 


Per  ct.     Per  ct 


5° 
IO 
IO 


Per  ct.     Per  ct. 


20 


Longfellow. 


70 
10 

5° 
60 

20 


Germination. 


Other  |- 
fungi.*' 


Per  ct. 


Strong. 


43° 


Per  ct. 
IOO 

3° 


Rhode  Island  White 

Century  Dent 

Twelve  Row > I       30 


ILLINOIS 

Western  Plowman.  . 
Reid  Yellow  Dent. 

....do 

....do 

....do 

....do 


Learning 

Boone  County  White 

Silvermine ; 

Champion  White  Pearl ' 

Illinois  High  Oil | 

Illinois  Low  Oil 

Illinois  High  Protein 

Illinois  Low  Protein 

Yellow  Dent ! 

White  Dent f       30 

Variety  not  given 

do j 

do ; 

do ' 

Yellow  Dent 

do 

. . . .  .do 

Variety  not  given 20 

do 

Colclessons  White  Dent 


INDIANA 

Johnson  County  Yellow  Dent. 
Johnson  County  White  Dent. . 

Reid  Yellow  Dent 

Vogliss  White  Dent 

Reid  Yellow  Dent 

Johnson  County  White  Dent. . 

... .do 

Colclessons  White  Dent 


80 


40 
10 


40    20 

...    20 

. . . .   20 


20 


20 


20 


40 

IO 

40 

60 


20 

40 

40 


20 


60 


20 


20 


20 


10 


12 


20 


111 


20 


11 


20 


20 


IOO 
IOO 

IOO 
IOO 
100 


Weak. 


IOO 
IOO 
IOO 


IOO 
IOO 

70 
60 
60 
30 

IOO 
IOO 

20 

IOO 
IOO 
IOO 

60 

60 

IOO 
IOO 

90 

IOO 
IOO 

80 

IOO 

80 
90 

IOO 
IOO 


IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

80  I 


Per  ct. 


70 

80 


IOO 


30 
40 
40 
70 


80 


40 

40 


IO 


20 


20 


0  Letters  A.  B.  C,  D,  etc.,  indicate  different  ears  from  same  source. 

h  The  small  numbers  in  this  column  refer  to  the  following  numbered  fun:i:  i,  Aspergillus  spp.;  ?, 
Cladosporiwti  spp.;  3,  Penicillium  spp.;  4,  Atternaria  spp.;  5,  Helminthosporium  spp.;  6,  Rhkopus  spp.; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10.  Chaetomium  spp.;  11,  ColMotrichum  cereale;  12, 
Bacterium  spp. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  corn — Continued 


State  and  variety. 

Cepha- 
lospo- 
rin™ 
sac- 
chart. 

Gib- 
berella 

savs- 
bieniii. 

Per  ct. 
20 

60 

Fusa- 

rium 

monili- 

forme. 

Di- 

plodia 
zeae. 

Other 
fungi.6 

Germination. 

No." 

Strong. 

Weak. 

144 

Indiana — continued 
Reid  Yellow  Dent 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 

Per  ct. 
IOO 
60 
IOO 
IOO 
IOO 
IOO 
IOO 

IOO 

IOO 
IOO 
IOO 
IOO 

70 
90 
70 
90 
80 

IOO 

60 

IOO 

IOO 
IOO 

60 
60 

IOO 

60 
90 
80 
40 

30 
40 

IOO 
IOO 

90 
90 
80 
40 

IOO 
IOO 

90 

IOO 
IOO 

10 

70 

IOO 
IOO 

Per  ct. 

MS 
146 

Johnson  County  White  Dent. 
Voglers  White  Dent 

40 

147 
148 

Yellow 

Flesh  Corn 

149 
150 
151 

*52 
153 
i54 
i55 
156 

Yellow 

White 

1 

Yellow 

KANSAS 

Pride  of  Salem    

.. 

do 

do ■. 

60 
60 
40 
20 
60 
20 
40 

. 

do 

do... 

do 

40 

30 

10 

iS7 

158 
159 

do 

30 

10 

do 

do 

do 

20 
80 

160 

20 

161 

162 

do 

60 

40 

163 

164 
166 

do 

KENTUCKY 

Variety  not  given 

do 

do 

IOO 

40 
40 

167 
168 

do 

20 
40 
40 
IO 
20 
IO 
IO 
40 
20 

IO 

do 

169 
170 
171 
172 

173 
174 

175 
176 
177 
178 
179 
180 

do 

40 

10 

do 

do 

20 

do 

20 

IO 
20 

40 
40 

60 

do 

70 
60 

do | 

do ! 

i 

do 

do 

20 



20 

IO 

40 
IOO 

do 

IO 

3  10 

do 

IO 

do i 

60 

181 

do ! 

do 

do 

20 

4° 

| 

182 

183 
184 

185 
186 

10 

do 

IO 

do 

do ' 

20 

3° 
20 

90 
30 

187 
188 

do 

do 

20     

20 
IO 

189 

do 1 

.    ' 

a  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source, 

6  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  1  Aspergillus  spp.;  2, 
Cladosporium  spp.;  3,  Penicillium  spp.;  4,  Allernaria  spp.;  5,  Helminthos porium  spp.;  6,  Rhizopus  spp.;  7, 
Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  n,  ColUtotrichum  cereale;  12, 
Bacterium  spp. 
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Table  II.- — Distribution  and  prevalence  0/ fungi  internal  of  seed  corn — Continued 


State  and  variety. 

Cepha- 
lospo- 
rin m 
sac- 
chari. 

Gib- 

berella 

sau- 

1  bientii. 

1 

Fusa- 

Di- 

Other 
fungi. ' 

Germination. 

No.  a 

rinm     i 
month- 
forme,  j     zeae' 

Strong 

Weak. 

190 
191 
192 

193 
194 

195 
196 

197 
198 

199 

200 

Kentucky — continued 
Variety  not  given 

Per  ci. 

Per  ct. 

Per  ct.     Per  ct. 

60  ;. 

1 

Per  ct. 

1    IOO 

1  i)  3° 
1  1,  20 

1   IOO 
1    IOO 
1    IOO 

Per  ct. 

Per  ct. 

do 

1 

do 

do 

70 

40  

10   ' 

do 

IO 

10 

1 

do 

do 

5 

do 



1 

1    IO 

LOUISIANA 

Calhound  White 

80 

IOO 

80 

IOO 
IOO 
IOO 
IOO 

50 

IOO 

20 
So 

5° 

70 
80 
90 

IOO 

80 

IOO 
IOO 

50 

20 

20 

40 

20 

20 
60 

IOO 

60 

1 

MARYLAND 

Yellow  Dent,  local 

IOO 
40 

1 

! 

1 

30 

do 

201 

do 

202 

do 

203 
204 

205 
206 

do 

20 
60 

80 

do 

70 

40 

20 

60 



5° 

do 

do 

80 

207 
208 

do 

60 
IOO 

80 



5° 
5° 

do 

20 

60 

20 
20 

209 
210 

MASSACHUSETTS 

Sweet  Corn 

20 

4  30 

Yellow 

211 

Boone  County  White 

20 

212 

White  Dent 

213 
214 

Yellow  Dent 

40 



IO 

IOO 

•  10 

3  60 

MINNESOTA 

Variety  not  given | 

IOO 

215 
2l6 

do 

60 

5° 

do 

3  IOO 

217 

do 

80 

20 
5° 
3° 
IOO 
20 
20 
40 

40 
60 
60 

2l8 

do 

50 
80 
80 

60 

219 
220 

do ! 

40 

11 60 

do 

221 

do 

3  IOO 

222 

do 

40 

80 
80 

40 

223 
224 

do 

11 40 

MISSISSIPPI 

Paymaster  (Harpeth) 

Williamson  (Cokers) 

IO 

60 
40 

225 

226 

Ellis  (Cokers) 

40 

a  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

*  The  sin:;ll  nu  nbcrs  in  this  column  refer  to  the  following  numbered  fungi:  1,  Aspergillus  spp.;  a, 
Cladosporium  spp.:  3,  Penicillium  spp.;  4,  AUernaria  spp.;  5,  Hehninlhosporium  spp.;  6,  Rhizopus  spp.;  7, 
Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  ir,  Collelolrichum  cercale;  12, 
Bacterium  spp. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  com — Continued 


No.  a 


State  and  variety. 


227 
228 
229 
230 
231 
232 

233 
234 
235 
236 

237 
238 

239 


240 
241  I 
242 

243  ; 
244 

245  I 

246  j 

247 


248 

249 
250 

251 

252 

253 


2  54 

255 
256 

257 
258 

259 
260 
261 
262 
263 


264 
265 
266 
267 
268 
269 


Mississippi— continued 

Ewing's  Mosbys  (Station)... 

Mosbys  (Cokers) 

Hastings 

Station  Laguna 

Chesholm  (Ferg.) 

Marlboro  ( Wann) 

Paymaster  (Neals) 

North  Carolina  Prolific 

Station  Tennessee  Red  Cob .  . 
Station  Tennessee  Red  Cob  72 

Station  Florida  Flint 

Whatley's  Prolific 

Reid  Yellow  Dent 


NEBRASKA 


local . 


Yellow  Dent, 

do 

do 

do 

....do 

do 

White  Dent,  local 

Haynes  Yellow  Dent .  . 

Yellow  Dent,  local 

....do 

....do 

Calico  Dent,  local 

White  Cap  Dent,  local. 
Nebraska  White  Prize 

new  JERSEY 


Variety  not  given . 

....do 

....do 

....do 

...do 

....do 

....do 

....do 

....do 

....do 


NEW   YORK 


Variety  not  given 
do 


.do. 
.do. 
.do 
do, 


Cepha- 
lospo- 
rin™ 
sac- 

chari- 


Per  ct. 
60 
40 


60 

40 
40 
IO 
IO 
20 
IOO 
IOO 
20 


80 


40 
40 


20 


40 


80 
20 


20 
IOO 


IOO 
20 


Gib- 

berella 

sau- 

bientii- 


Per  ct. 


Fu  sa- 
rin m 
monili- 
forme. 


Per  ct. 
40 
60 
IO 
80 
40 
40 
70 
60 


40 
40 


20 


60 
IO 
60 
20 

20 


20 
20 


40 
40 
20 
40 


20 
20 


60 
20 


IO 
20 


20 


20 
IOO 


20 


Di- 

plodia 
zeae. 


Per  cl. 


IO 


IO 
IO 


20 


20 


20 


Other 
fungi.* 


Per  ct. 


20 


10 


20 


20 


20 


Germination. 


Strong. 


Per  ct. 

IOO 

70 

80 

50 
IOO 

90 

30 
40 
80 
60 
90 
90 
90 


80 

IOO 
QO 

70 

IOO 
IOO 


90 

ICO 

80 

IOO 
IOO 
IOO 

90 


50 
90 

IOO 
20 

80 
80 

IOO 

90 
80 

IOO 


IOO 
IOO 
IOO 
IOO 

80 

IOO 


Weak. 


Per  ct. 


30 

IO 

So 

IO 

70 
60 

20 

40 

IO 
IO 
IO 


20 


30 


IO 


50 

IO 


80 

20 

20 


IO 

20 


20 


a  Letters  A,  B,  C,  B,  etc.,  indicate  different  ears  from  same  source. 

*  The  small  numbers  in  this  column  refer  to  the  following  numbered    fungi:    i,  Aspergillus  spp. 
Cladosporium  spp.;  3,  Penicillitim  spp.;  4,  Altemaria  spp.;  5.  Hehninthosporinm  spp.;  6,  Rkizopus  spp.; 
Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  11,  Colletotrtchum  cereale; 
Bacterium  spp. 
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it 
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Table  II.— Distribution  and  prevalence  of  fungi  internal  of  seed  corn— Continued 


No." 


270 
271 

272 

273 

274 

275 
276 
277 
278 
279 


280 
281 
282 
283 
284 
285 
286 
287 
288 
289 
290 
291 
292 

293 
294 
295 
296 

297 
298 
299 
300 
301 
302 

303 
304 


3°5 
306 

3°7 
308 

309 
310 

3" 
312 

3i4 
3i5 


State  and  variety. 


NORTH   CAROLINA 


Cephar 

lospo- 

rium 

sac- 

chari. 


Per  ct. 


Neals  Paymaster 

Deatons  Two  Ear 

Cooke 's  Prolific 

Long  Valley  White .  . 

Grampian 

Weekleys  Improved . 

Biggs  Seven  Ear 

Horse-Tooth 

Kickers  Indian-Chief . 
Lathanis  Double 


20 


Gib- 

Fusa- 

berella 

rmm 

sau- 

monili- 

bientii. 

forme. 

Per  ct. 


60 


NORTH   DAKOTA 


Variety  not  given 

...do 

....do 

...do 

....do 

...do 

....do 

....do 

Minnesota  No.  13 

....do 

....do 

....do 

A  Yellow  Capped  Red . 

Northwestern  Dent 

do 

do 

White  Rustler 

do 

do -. 

Yellow  Dent 

do 

Labels  lost  in  shipment 

do 

do 

do 


OHIO 

White  Capped  Red  . . . 

...do 

do 

Bloody  Butcher 

Yellow  Dent,  local . . . 

White  Cap 

Snures  White  Cap 

Stauffers  Yellow  Cap 
J.  S.  Learning 

Garage 

Stauffers  Yellow 


60 

80 
60 


100 


20 


Per  ct. 
80 
60 
40 
40 


IOO 
20 
40 
60 
40 


Dt- 

plodia 
zeae. 


Per  ct. 


Other 
fungi.  !> 


Germination. 


Strong. 


Per  ct. 


20 


100 


70 


10 


20 


10 


IOO 


12 


20 


20 
40 


IOO 

20 


IOO 


40 


20 


IS 


20 
20 


Per  ct. 

20 
IOO 
IOO 

40 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 


IOO 
IOO 
IOO 
IOO 
IOO 
IOO. 

80 

IOO 
IOO 
IOO 
IOO 


Weak. 


Per  ct. 

80 


11 


IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

70 

IOO 

90 


70 


IOO 

70 

IOO 

30 

IOO 

30 

20 

20  I 


60 


H 

(c) 


30 


30 

IOO 
IOO 


30 
70 


70 
80 

80 


«  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

&  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  1,  AsPerpillus  spp.;  2, 
Cladosporium  spp.;  3,  Penicillium  spp.;  4,  Altcrnaria  spp.;  5,  Helminlhosporiiim  spp.;  6,  Rhizopus  spp.; 
7,  Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  10,  Chaetomium  spp.;  11,  Colletotrichum  cereale;  n, 
Bacterium  spp. 

c  Probably  all  frosted;  dead. 
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Table  II. — Distribution  and  prevalence  of  fungi  internal  of  seed  com — Continued 


State  and  variety. 

Cepha- 
lospo- 
rium 
sac- 
char}  . 

Gib- 
berella 

sau- 
bieniit. 

Fusa- 

rium 

monili- 

forme  ■ 

Di- 

plodia 
zeae- 

Other 
fungi,  b 

Germination. 

No. » 

Strong, 

Weak. 

316 

317 

3*8 

PENNSYLVANIA 

Johnson  County  White 

Landis  White 

40 

IOO 

J      QO 

90 
IOO 
IOO 

IO 

J1  IO 
\3  20 

10 

Reid  Yellow  Dent 

College  White  Cap 

20 

10 

319 

320 

Greene  County  Yellow  Dent.  . 
Clouds  Yellow  Dent 

20 

321 

322 

323 
324 

325 
326 

327 
328 

329 

330 

33  * 

332 
333 
334 
335 
336 

337 
338 
339 
34° 
34i 
342 
343 

IOO 

20 

Golden  Yellow  Dent 

IOO 
IOO 

90 
80 

IOO 
IOO 
IOO 
IOO 

>     20 

20 

60 

20 

30 

IOO 
IOO 
IOO 
IOO 
IOO 
IOO 

80 

do 

do 

10 

do 

3  90 

Lags  Clapper 

Johnson  County  White 

do 

do 

TEXAS 

Johnson  County  White 

Chesholm 

60 

So 
40 

IOO 

60 

70 
80 

100 

20 

J1  20 
\320 

■•36o 
!8o 

3  60 

1'34o 

l'*7S 

Uo 

80 

80 

Sure  Cropper 

'  IOO 

do 

20 
20 

40 

IOO 

do 

do 

80 

do 

70 

WISCONSIN 

Variety  not  given 

do 

IOO 

do 

do 

do 

do 

16 
60 

do 

40 

20 

°  Letters  A,  B,  C,  D,  etc.,  indicate  different  ears  from  same  source. 

*  The  small  numbers  in  this  column  refer  to  the  following  numbered  fungi:  1,  Aspergillus  spp.;  2, 
Cladosporiuni  spp.;  3,  Penicillium  spp.;  4,  Alternaria  spp.;  5,  Helminlhosporium  spp.;  6,  Rhizopus  spp.; 
y.Spicaria  spp.;  8,  Hormodendron  spp.;  9,  Torula  spp.;  io,  Chaelomium  spp.;  n,  Colletolrichum  cereale;  12, 
Bacterium  spp. 

INTERNAL  INFECTION 

The  evidence  of  internal  infection  in  seed  corn  showing  no  external 
symptoms  is  suggestive  with  germinating  kernels  where  the  growth  of 
the  parasitic  fungi  is  consistently  observed  at  the  germinal  end.  Even 
this  evidence  allows  for  error  because  of  the  possibility  of  surface  organ- 
isms being  present.  In  resorting  to  methods  of  thorough  disinfection 
one  still  finds  the  presence  of  fungous  growth  appearing  on  the  germi- 
nating seeds.  The  manner  in  which  infection  is  carried  in  the  seed  has 
not  heretofore  been  extensively  investigated.  Symptoms  of  kernels,  as 
we  have  pointed  out  for  the  four  parasites  described,  are  easily  recog- 
nized; however,  it  is  with  normal-appearing  kernels  that  we  wish  to 
establish  the  manner  of  internal  infection. 
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A  brief  discussion  of  the  morphology  of  corn  may  help  in  explaining 
the  exact  nature  of  this  internal  parasitism.  The  kernel,  seed,  or  corn 
to  which  it  is  commonly  referred  is  a  ripened  fruit  or  caryopsis.  It  con- 
sists of  a  mature  ovary  with  all  its  adnate  parts.  The  kernel  is  estab- 
lished in  a  "fruit  cup"  formed  by  six  fruit  envelopes.  According  to 
Winton  (39)  this  cup  consists  of — 

three  glumes— a  flowering  glume,  a  palet,  and  another  palet  belonging  originally  to 
a  rudimentary  blossom. 

The  cap  of  the  kernel  consists  of  a  dried  tissue,  nonfunctioning  at  matu- 
rity. The  peripheral  cells  of  the  cap  are  continuous  with  those  of  the 
pericarp.  They  are  approximate  to  the  integuments  on  line  with  the 
base  of  the  scutellum.  The  integuments  curve  in  towards  the  dorsal 
end  of  the  scutellum.  The  inner  structure  of  the  cap  consists  of  thick- 
walled  cells  and  several  vascular  strands.  This  cap  if  partly  cut  or 
broken  off  exposes  a  small  cavity  over  the  dorsal  extremity  of  the  scu- 
tellum. There  is  also  observed  a  brown  covering  adhering  to  the  lower 
dorsal  end  of  the  scutellum.  The  cavity  varies  in  size,  and  the  covering 
over  the  scutellum  is  light  brown  to  black,  according  to  variety. 

The  vascular  bundles  in  the  cob  above  the  butt  have  a  peripheral  dis- 
tribution, so  that  the  center  or  pith  is  made  up  of  only  parenchyma 
cells.  The  attachment  of  a  pair  of  ovaries  converge  to  a  common  base 
in  relation  to  the  vascular  system.  The  ovaries  are  in  direct  relation  to 
several  bundles  which  gradually  converge  into  several  strands  near  the 
base  of  each  ovary.  This  relation  in  a  young  cob  can  be  seen  with  a 
hand  lens.  It  is  mentioned  briefly  here  since  it  explains  the  path  of 
infection  if  it  occurs  through  the  vascular  system.  If  such  infection 
resulted  it  would  seem  that  the  pairs  of  kernels  would  be  equally  infected. 

The  four  fungi  mentioned  have  been  found  commonly  established  with- 
in kernels  which  show  no  symptoms  of  ci  ;ease.  It  was  further  impossible 
in  many  cases  to  correlate  any  of  the  various  symptoms  of  the  butts  of 
ears  with  such  infection.  The  mycelium  is  found  extensively  developed 
in  this  cavity.  In  Fusarium  moniliforme  and  Cephalosporium  sacchari 
abundant  internal  spore  production  is  found  (PI,  7,  A).  This  can  easily 
be  determined  with  a  hand  lens  or  with  the  low-power  objective  of  the 
microscope.  In  some  instances  where  the  fungus  has  progressed  to  the 
tissue  of  the  embryo  in  kernels  showing  no  external  symptoms,  a  free- 
hand longitudinal  section  will  show  a  discoloration  of  the  embryo  as  well 
as  fungus  development  in  the  cavity  around  the  radicle  and  the  plumule 
(PI.  8  A,  B).  The  development  of  the  fungus  from  the  cap  into  the 
germ  and  endosperm  appears  to  be  restricted  by  the  black  layer.  How- 
ever, with  favorable  conditions  upon  the  germinator  the  fungus  becomes 
active  and  the  seedling  is  attacked.  The  feeders,  scutellum,  and  epi- 
cotyl  first  show  symptoms  of  infection. 

This  internal  method  of  infection  was  first  observed  by  the  junior 
writer  in  the  spring  of  1920.  It  was  observed  that  when  the  cap  was 
removed  increased  germination  free  from  severe  infection  was  obtained. 
This  point  was  thought  to  be  the  result  of  elimiminating  the  greater  part 
of  the  internal  fungus  infection.  It  was  further  established  that  by 
disinfecting  kernels  after  removal  of  cap  perfect  germination  was  secured 
in  many  instances.  Where  infection  of  Fusarium  moniliforme  and  Cepha- 
losporium sacchari  occur  the  internal  development  in  the  cavity  under 
the  cap  can  be  recognized  with  a  hand  lens.  In  F.  moniliforme  and  C. 
sacchari  the  abundant  internal  development  of  spores  is  easily  determined 
by  the  method  of  crushing  the  lower  germinal  end  of  the  kernel  and  making 
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a  poured  agar  plate.  The  numerous  colonies  appearing  indicate  the 
abundant  internal  spore  production. 

Many  samples  of  seed  corn  show  slight  discoloration  of  the  seed  coat 
near  the  germinal  end.  These  discolorations  become  pronounced  during 
germination  and  assume  various  colors  such  as  pink,  lavendar,  or  black. 
The  black  discolorations  were  found  most  consistently  with  Diplodia 
infection,  the  lavendar  with  Fusarium  monilijorme,  and  the  pink  with 
Gibberella  saubinetii.  This  condition  we  consider  the  result  of  the 
fungus  progressing  beyond  the  cavity  and  becoming  established  in  the 
tissue  comprising  the  pericarp.  We  have  observed  this  condition  in 
kernels  before  and  during  germination.  This  method  of  internal  infec- 
tion explains  the  failure  to  secure  disease-free  seed  by  methods  of  disin- 
fection. The  tissue  of  the  cap,  even  with  extensive  presoaking,  fails  to 
soften  materially.  The  long  exposures  to  various  disinfectants  are  not 
entirely  effective  even  subsequent  to  presoaking.  Such  treatments 
usually  injure  the  embryo  and  retard  germination. 

Cross  and  longitudinal  sections  through  the  germ  end  of  those  inter- 
nally infected  kernels  show  the  mycelium  also  established  in  the  tissue  of 
the  cap.  In  some  cases  the  mycelium  is  observed  among  the  thin-walled 
cells  near  the  periphery  of  the  cap.  The  mycelium  is  not  abundantly 
established,  but  it  is  observed  ramifying  between  as  well  as  penetrating 
the  cells.  The  thick-walled  cells  toward  the  vascular  strands  do  not 
appear  to  be  penetrated.  In  several  instances  long  intercellular  hyphae 
were  observed  in  the  vascular  tissues.  The  development  of  the  fungus  in 
the  cavity  is  probably  subsequent  to  the  infection  of  the  tissue  com- 
prising the  cap.  So  far  in  our  studies  there  was  no  conclusive  evidence 
to  show  that  such  internal  infection  was  always  by  means  of  the  vascular 
system  as  the  result  of  stalk  or  shank  infection. 

GENERAL  DISCUSSION 

With  the  nature  of  the  internal  infection  determined,  the  means  by 
which  the  fungus  gains  entrance  and  its  relation  to  methods  of  control 
remain  to  be  established. 

According  to  the  occurrence  of  seed  corn  infection,  we  must  reckon 
with  two  means  of  infection  quite  independent  of  each  other. 

First :  Direct  kernel  or  blossom  infection.  Silk  as  the  path  of  infection 
has  been  considered  a  common  method  for  Diplodia  zeae  by  Heald, 
Wilcox,  and  Pool  (16)  and  Van  Der  Bijl  (38)  and  for  Fusarium  monili- 
jorme by  Valleau  (36).  No  conclusive  proof  has  been  advanced  to  show 
that  infection  occurs  by  means  of  the  stigma.  It  is  considered,  in  view 
of  the  work  so  far  reported,  that  such  infection  occurs  because  the  silk 
stage  offers  an  accessible  means  of  entrance.  The  silk,  becoming  dry 
and  shriveling  when  the  corn  is  in  the  late  milk  or  dough  stage,  affords 
an  opportunity  for  infection  by  wind-borne  spores.  Such  type  of  infec- 
tion apparently  accounts  for  the  ears  shown  in  Plate  13.  A  parallel 
type  of  infection  appears  to  be  the  most  common  for  wheat  scab  as 
reported  by  Adams  (r) .  Moisture  conditions  in  the  cup  before  maturity 
of  the  ear  are  no  doubt  favorable  for  development  of  the  fungi  once  they  are 
established  from  external  sources.  This  tissue  of  the  cap  offers  little 
resistance  to  these  parasites  and  would  allow  for  their  establishment  and 
development  into  the  cavity  under  the  cap.  The  prevalence  of  infection 
under  these  conditions  would  depend  upon  exposures  of  ears  in  the  field 
to  favorable  conditions  for  infection.  The  study  of  infected  kernels 
failed  to  indicate  whether  infection  resulted  by  this  means  or  from  vas- 
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cular  infection  through  the  butt.  Even  after  maturity  if  the  corn  is 
exposed  to  excessive  or  constant  moisture,  the  various  parasites  as  well 
as  saprophytes  may  be  established  in  the  storage  tissue  of  the  fruit. 
This  we  believe  in  part  explains  the  presence  of  Aspergillusniger  and 
Penicillium  spp.  that  frequently  appear  even  after  thorough  disinfec- 
tion. They  have  become  established  because  of  unfavorable  conditions 
under  which  the  corn  has  been  exposed  and  stored.  These  types  of 
fungi  on  the  germinator  may  also  retard  or  in  some  cases  inhibit  germina- 
tion. They  attack  the  storage  tissue  of  the  scutellum  in  a  way  similar  to 
Rhizopus  nigricans,  as  described  by  Adams  and  Russell  (2).  It  is  noted 
that  where  extensive  rotting  of  kernels  occurs  on  ears  it  is  usually  con- 
fined to  the  upper  end.  The  exception  in  the  case  of  the  F.  moniliforme 
kernel-rot  is  difficult  to  explain.  The  irregular  rotted  kernels,  as  shown 
in  Plate  12,  E,  may  have  been  individual  grains  delayed  in  ripening  or 
ones  for  some  unknown  reason  susceptible  to  infection.  It  is  still  an 
open  question  as  to  the  possibility  of  direct  silk  infection. 

Second:  Indirect  seed  infection  by  means  of  systemic,  stalk  or  shank 
infection.  Smith  and  Hedges  (ji)  have  advanced  some  evidence  of 
systemic  infection  for  Diplodia  zeae.  If  such  type  of  infection  commonly 
occurs  with  these  parasites  it  would  seem  reasonable  to  expect  poorer 
stands  of  corn  than  are  reported.  There  is  no  doubt  that  a  systemic 
infection  occurs,  but  how  commonly  remains  to  be  determined.  Such 
infection  does  not  necessarily  have  to  follow  from  the  planting  of  infected 
seed  but  may  also  occur  because  of  soil  infestation.  Regardless  of  root 
infection,  the  stalk  or  shank  may  become  points  of  initial  infection. 
The  fungus  may  in  this  way  follow  the  vascular  tissue  into  the  fruit. 
This  may  be  the  most  common  means  of  infection  and  may  explain  the 
internal  infection  in  seeds  showing  no  external  symptoms.  Hoffer  and 
Holbert  (18)  state  that- 
after  the  first  killing  frost  the  stalks  and  especially  the  shanks  and  the  ears  are  invaded 
rapidly  by  these  disease  organisms.  Warm  weather  following  the  first  killing  frost 
favors  those  ear  infections,  which  greatly  reduce  the  vitality  of  the  seed. 

A  discolored  or  "stringy"  condition  of  the  butt  is  very  suggestive  of 
vascular  infection.  An  extensive  survey  has  failed  to  consistently  cor- 
relate a  discolored  butt  with  infection  of  kernels.  A  discoloration  of 
the  butt  may  occur  subsequent  to  harvesting  as  the  result  of  poor  storage 
conditions  and  many  types  of  black  molds  found  established.  When 
the  ear  is  broken  in  half  and  a  discoloration  of  the  vascular  system  is 
observed,  it  is  very  good  evidence  of  an  infected  ear.  The  growing  point 
consisting  of  the  preformed  nodes  may  be  some  distance  beyond  the 
foci  of  infection.  After  mature  growth  in  height  is  reached  the  infec- 
tion may  spread  so  as  to  become  systemic  and  penetrate  the  ears.  Inoc- 
ulations under  field  conditions  should  easily  establish  this  point. 

The  pathogenicity  of  the  four  parasites  discussed  has  been  definitely 
established  under  greenhouse  conditions.  Over  1,500  plants  have  been 
grown  to  determine  seedling  infection  and  for  inoculation  work.  It  is 
planned  to  duplicate  much  of  the  inoculation  work  under  field  condi- 
tions. Nodal  and  internodal  inoculations  have  indicated  the  rapid 
internal  development  of  these  parasites.  The  importance  of  each  of 
these  parasites  requires  much  more  study  along  lines  of  inoculation  and 
the  activity  of  the  fungus. 

.Severe  internal  infection  of  plants  even  in  the  tassel  stage  has  not 
caused  any  pronounced  external  symptoms.     The  corn  plant,  because 
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of  its  morphological  structure,  is  very  capable  of  offsetting  root  infec- 
tion without  conspicuous  external  symptoms. 

It  would  hardly  seem  practical  to  resort  to  any  means  of  removing 
the  cap  and  then  disinfecting  for  control  of  these  rots  of  corn.  Careful 
selection  in  the  field  and  proper  care  in  handling  and  storage  along  with 
germination  tests  should  adequately  eliminate  the  possibility  of  seed 
corn  infection.  The  question  of  soil  conditions,  fertilization,  rotation, 
and  cultural  methods  should  be  given  particular  attention  in  order  to 
reduce  infection  and  secure  strong  initial  growth. 

With  further  inoculation  work  duplicated  under  field  conditions  it 
is  hoped  to  prove  the  points  which  have  been  discussed  theoretically. 
In  pointing  out  these  possibilities  it  is  hoped  that  other  investigators 
will  assist  to  determine  such  proof  under  their  conditions. 

SUMMARY 

(i)  Through  an  extensive  survey  of  field  seed  corn  in  Delaware  by 
means  of  cultural  and  germination  studies  at  least  four  prevalent  fun- 
gous parasites  were  determined.  A  brief  survey  of  field  corn  from  21 
other  States  indicates  a  similar  prevalence  of  these  organisms. 

(2)  The  following  four  parasites  were  consistently  found  in  our 
studies :  Cephalosporium  sacchari  Butler ;  Fusarium  moniliforme  Sheldon ; 
Gibberella  saubinetii  (Mont.)  Sacc.  and  Diplodia  zeae  (Schw.)  Lev.  The 
parasitism  of  these  fungi  has  been  determined  by  inoculations. 

(3)  So  far  as  we  have  been  able  to  determine  the  fungus  here  referred  to 
as  Cephalosporium  sacchari  is  reported  for  the  first  time  as  a  parasite 
of  corn.  Fusarium  moniliforme  is  considered  identical  with  Oospora 
verticilloides  described  on  corn  in  Italy  by  Saccardo. 

(4)  Cultural  studies  of  field  corn  in  Delaware  show  the  following 
prevalence  for  these  parasites:  Cephalosporium  sacchari,  39.54  per 
cent;  Fusarium  moniliforme,  19.92  per  cent;  Gibberella  saubinetii,  5.95 
per  cent;  Diplodia  zeae,  5.69  per  cent. 

(5)  Inhibition  of  germination  as  the  result  of  virulence  by  these 
parasites  occurs  in  the  following  order  under  cultural  and  laboratory 
conditions,  Diplodia  zeae,  Gibberella  saubinetii,  Fusarium  moniliforme  t 
and  Cephalosporium  sacchari. 

(6)  Species  of  the  following  genera  of  fungi  have  also  been  found 
established  internal  of  corn:  Aspergillus,  Cladosporium,  Penicillium, 
Alternaria,  Helminthosporium,  Rhizopus,  Spicaria,  Hormodendrum, 
Torula,  Chaetomium,  Colletotrichum,  and  also  several  bacteria.  These 
fungi  are  not  considered  in  the  same  degree  of  importance  as  the  above- 
mentioned  parasites.  It  is  probable  they  have  become  established  as 
the  result  of  unfavorable  field  and  storage  conditions. 

(7)  The  method  by  which  these  parasites  are  carried  in  the  kernel 
was  determined  through  cultural  and  histological  studies.  It  was 
found  that  the  parasites  become  established  in  the  tissue  of  the  cap  and 
the  cavity  between  the  cap  and  dorsal  point  of  the  scutellum.  In 
some  instances  the  fungus  works  upward  underneath  the  pericarp. 
Under  certain  favorable  conditions  not  yet  determined  the  fungus 
infects  and  destroys  the  embryo. 

(8)  Seed  disinfection  has  not  proved  successful  because  of  the  manner 
of  internal  infection. 

(9)  No  uniform  symptoms  to  associate  infection  of  field  corn  with 
these  parasites  can  be  consistently  described.  Various  discolorations 
of  the  germ  end  of  the  kernel  are  found.     These  symptoms  are  always 
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associated   with   infected   seed.     Normal-appearing   kernels   as    well   as 
ears  may  be  infected  without  any  external  symptoms. 

(10)  No  conclusive  evidence  was  secured  which  indicates  the  manner 
in  which  infection  becomes  established  in  the  seed. 
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PLATR  i 

A. — Cephalosporium  sacchari,  showing  typical  conidia  from  host  material.  The 
spores  are  shortly  oval  to  ovoid. 

B. — Cephalosporium  sacchari,  showing  conidia  prior  to  germination  and  during 
early  development  of  germ  tube.  The  conidia  commonly  become  septate  prior  to 
germination. 

C,  D. — Cephalosporium  sacchari,  illustrating  the  origin  of  the  conidiophores.  These 
are  often  scattered  along  the  mycelium  or  a  number  become  grouped  as  in  D. 

E. — Cephalosporium  sacchari,  showing  a  branched  conidiophore  from  growth  in 
culture. 

F. — Cephalosporium  sacchari,  showing  an  intertwined  mass  of  hyphae  from  a  culture. 
These  strands  often  appear  as  a  definite  coremial  like  growth. 

G-i . — Cephalosporium  sacchari,  showing  stages  in  the  development  of  the  glomerules. 
These  heads  under  low  power  appear  similar  to  those  developed  by  Fusarium  moni- 
liforme.     The  spores  are  not  held  together  in  a  slime. 

Drawn  with  the  aid  of  the  camera  lucida,  approximately  X  600. 
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PLATE  2 

A. — Fusarium  moniliforme,  showing  typical  mircroconidia  from  host  material. 
They  are  slightly  pyriform  and  the  attenuated  end  of  the  spore  is  often  sharply 
muticate. 

B. — Fusarium  moniliforme,  showing  mircroconidia  during  early  stages  of  germina- 
tion. The  spores  enlarge  considerably  and  often  become  septate  before  the  germ 
tube  has  developed. 

C. — Fusarium  moniliforme,  showing  typical  macroconidia.  These  were  observed  to  be 
mostly  three  septate.  They  are  sparingly  developed  and  were  observed  in  cultures 
on  rice  agar  and  steamed  corn  meal. 

D,  E. — Fusarium  moniliforme,  showing  simple  and  branched  conidiophores. 

F. — Fusarium  moniliforme,  showing  a  branched  conidiophore  with  typical  catenu- 
late  microconidia. 

G,  H.— Fusarium  moniliforme,  showing  two  simple  conidiophores  with  the  micro- 
conidia in  heads.  These  heads  are  commonly  found  in  old  cultures  but  the  spores 
are  not  held  together  in  a  slime. 

Drawn  with  the  aid  of  the  cameralucida,  approximately  X600. 
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PLATE  3 

A. — Culture  of  Fusarium  moniliforme  in  nutrient  dextrose  agar  3  weeks  old,  direct 
from  surface-sterilized  kernel  from  which  point  was  cut  off  and  crushed.  The  re- 
maining part  of  the  kernel  was  also  left  in  the  culture  dish.  In  submedium  a  deep 
lavender  is  formed. 

B. — Culture  of  Cephalosporium  sacchari  in  nutrient  dectrose  agar,  3  weeks  old,  direct 
from  surface,  sterilized  kernel  from  which  point  was  cut  off  and  crushed.  The  re- 
maining part  of  the  kernel  was  also  left  in  the  culture  dish.  The  colonies  on  this 
medium  take  on  a  salmon  color. 

Somewhat  reduced. 
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PLATE  4 

A. — Cultures  of  Diplodia  zeae  coming  from  surface-sterilized  com  germinating  in 
culture  dish  on  20  cc.  of  nutrient  dextrose  agar.  Ten  kernels  are  taken  from  each 
sample  and  germinated  this  way.  The  effect  of  the  parasite  is  here  shown:  40  per 
cent  of  the  kernels  are  dead,  50  per  cent  are  germinating  weak,  and  only  10  per  cent 
are  strong. 

B. — Cultures  of  Cephalosporin™  sacchari  coming  from  surface-sterilized  corn  on 
nutrient  dextrose  agar.  The  arrow  points  to  a  culture  showing  the  typical  bristle  or 
coremial  growth.  Some  of  the  kernels  are  so  severely  infected  that  slight  retardation 
of  growth  is  noticeable. 

Somewhat  reduced. 


PLATE  s 

A. — Sample  of  corn  free  from  internal  paratic  fungi  germinating  on  nutrient  dextrose 
agar.  The  kernels  were  surface-disinfected  with  o.  i  per  cent  bichlorid  of  mercury  in 
50  per  cent  alcohol  for  one  minute,  then  washed  twice  in  sterile  water  and  immediately 
placed  on  the  sterile  medium. 

B.— Sample  of  corn  carrying  internally  two  fungi.  The  black  growth  is  an  Asper- 
gillus sp.  which  is  present  to  the  extent  of  100  per  cent;  the  white  fungus,  indicated 
by  the  arrow,  is  Fusarium  moniliforme  which  is  present  to  the  extent  of  40  per  cent. 
The  presence  of  the  Aspergillus  sp.  probably  indicates  that  the  corn  had  poor  curing 
conditions. 

Somewhat  reduced. 
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PLATE  6 

A. — Photomicrograph  of  tip  end  of  kernel  with  cap  removed,  showing  the  presence  of 
Diplodea  zeae  in  the  cavity,  from  sample  33D.  Each  of  the  several  parasitic  fungi 
here  described  harbor  internal  of  the  kernel  in  this  manner.     X30. 

B. — Photograph  of  mounted  kernels  with  caps  removed,  ready  for  taking  photo- 
micrographs as  illustrated  above.     Somewhat  reduced. 


PLATE  7 

A. — Photomicrograph  of  the  tip  end  of  kernel  with  cap  removed,  showing  the  pres- 
ence of  Cephalosporium  sacchari  in  the  cavity.  Both  C.  sacchari  and  Fusarium  monili- 
forme  fruit  (microconidia)  are  borne  abundantly  in  the  cavities  under  the  cap. 
The  thickness  of  the  cap  prevents  disinfectants  from  destroying  the  internal  fungus. 
From  sample  No.  46.     X3°- 

B. — Photomicrograph  of  the  tip  end  of  a  kernel  with  cap  removed,  showing  the 
presence  of  Gibberella  saubinetii,  from  sample  4  A.     X3°- 
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PLATE  8 

A. — Kernel  from  sample  321,  infected  with  Gibberela  sauhinetii,  in  which  the  para- 
site has  reached  the  germ  and  the  cavities  about  the  germ.  Whenever  the  germ  is 
invaded  by  any  of  the  several  parasites  herein  described,  germination  is  either  inhib- 
ited or  greatly  retarded.  Eighty  per  cent  of  the  kernels  in  this  sample  would  not  ger- 
minate.    X30. 

B. — Kernel  from  Ear  10  B,  infected  with  Diplodia  zeae,  in  which  the  parasite  has 
reached  the  germ  and  the  cavities  about  the  germ.  (See  PI.  9,  A.)  Seventy 
per  cent  of  the  kernels  on  this  ear  were  killed  by  this  type  of  infection;  the  ear  on 
the  surface  appeared  normal.     X30. 


PLATE  9 

Two  ears  of  seed  corn  from  the  same  source.  Both  ears  appeared  perfectly  normal 
externally  but  germination  in  the  modified  rag  doll  showed  great  difference. 

A. — Actual  germination  of  ear  10  B  in  rag  doll;  70  per  cent  were  dead.  Culture 
studies  (see  PI.  10)  showed  70  per  cent  of  the  kernels  internally  infected  with  Diplodia 
zeae,  20  per  cent  with  Gibberella  saubinetii,  and  80  per  cent  «with  Cephafosporium 
sacchari.     Diplodia  zeae  was  the  active  agent  in  reducing  germination. 

B. — Actual  germination  (100  per  cent)  of  ear  10  A,  from  same  source  as  ear  10  B 
above.  Culture  studies  showed  100  per  cent  infection  with  Cepkalosporium  sacchari 
and  40  per  cent  infection  with  Gibberella  saubinetii. 

Somewhat  reduced. 
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PLATE  10 

Results  of  the  culture  method  of  determining  internal  fungi  in  seed  corn.  Fifteen 
kernels  in  each  sample  were  surface-disinfected  and  washed  in  sterile  water;  10  of 
these  kernels  were  placed  in  one  dish  on  20  cc.  of  nutrient  dextrose  agar.  Five  kernels 
were  placed  each  in  a  separate  sterile  dish,  and  the  points  of  each  of  these  were  cut  off, 
crushed,  and  plated.  The  fungi  which  were  internal  readily  developed.  The 
culture  work  on  sample  10  B  is  here  shown,  in  which  70  per  cent  of  the  kernels  were 
infected  with  Viplodia  zeae  (See  cultures  in  dishes  marked  B,  C,  D,  and  E);  20  per  cent 
of  the  kernels  were  infected  with  Gibberella  saubinetii  (See  dish  marked  F.);  80  per 
cent  of  the  kernels  were  infected  with  Cephalosporium  sacchari  (See  dishes  marked 
A,  D,  and  E).  In  this  sample  Diplodia  zeae  was  the  fungus  most  active  in  inhibiting 
germiniation.  G,  coremial  growth  produced  by  Cephalosporium  sacchari.  The 
coremial  growths  are  not  usually  so  pronounced  as  this. 

Somewhat  reduced. 


PLATE  ii 

A. — Seedlings  germinated  in  modified  rag  doll  from  kernels  of  sample  181-c. 

B. — Sample  181-c.  This  sample  carried  internal  infection  with  Fusarium  monili- 
forme  to  the  extent  of  ioo  per  cent  and  Cephalosporium  sacchari  ioo  per  cent  and  yet 
gave  ioo  per  cent  germination  and  very  strong  seedlings  in  the  rag  doll.  Injury  and 
retardation  of  germination  take  place  only  when  the  parasitic  fungi  come  in  contact 
with  the  germ  of  germinating  seedlings. 

C. — Culture  of  F.  moniliforme,  internal  of  same  kernel  as  D. 

D. — Culture  of  C.  sacchari,  internal  of  same  kernel  as  C. 

E. — Ten  surface-sterilized  kernels  placed  on  20  cc.  of  nutrient  dextrose  agar,  all 
showing  both  F.  moniliforme  and  C.  sacchari.  Only  one  kernel  failed  to  germinate 
in  the  culture  dish;  100  per  cent  gave  strong  germination  in  the  modified  rag-doll 
germinator. 

Somewhat  reduced. 
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PLATE  12 

A. — Ear  affected  with  kernel  crack  at  areas  indicated  by  the  arrow. 

B. — Injured  kernels  from  ear  shown  in  A. 

C. — Uninjured  kernels  from  ear  shown  in  A. 

More  than  60  per  cent  of  the  kernels  on  the  same  ear  were  not  injured,  as  indicated 
in  C.  Some  of  the  cracked  kernels  will  germinate.  Associated  with  this  cracking 
are  often  found  Fusarium.  moniliforme,  Cephalosporium  sacchari,  and  occasionally  a 
Spicaria  sp.     The  cause  of  the  cracking  is  yet  to  be  determined. 

D. — Ear  affected  with  a  typical  kernel-rot  caused  by  F.  moniliforme. 

E. — Rotted  kernels  from  ears  shown  in  D.  Such  rotted  kernels  will  not  germinate. 
Associated  with  such  rotting  is  often  the  lavender  discolorations  characteristic  of  the 
growth  of  F.  moniliforme. 

F. — Healthy  kernels  from  ear  shown  in  D. 

Somewhat  reduced. 


PLATE  13 

Typical  ear  rot  resulting  from  natural  infection  with  Gibberella  saubinetii.  In  this 
type  of  rot  it  seems  probable  that  infection  takes  place  through  the  silk  mass  in  the 
late  milk  or  dough  stage.  Cultures  of  the  kernels  near  the  base  or  butt  of  ear  A,  gave 
no  evidence  of  Gibberella  saubinetii  internal,  possibly  indicating  that  infection  was 
from  above. 

Somewhat  reduced. 
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COTTON  ROOTROT  IN  ARIZONA1 

By  C.  J.  King 

Assistant  Agronomist,  Crop  Acclimatization  and  Adaptation  Investigations,  Bureau  of 
Plant  Industry,  United  States  Department  of  Agriculture 

It  has  been  generally  accepted  that  the  fungus,  Ozonium  omnivorum, 
described  by  Pammel2  in  1889,  is  the  cause  of  the  disease  known  as 
Texas  rootrot,  but  definite  proof  has  been  lacking.  The  records  avail- 
able show  that  but  little  has  been  added  to  the  knowledge  of  the  life 
history  of  the  fungus  since  it  was  first  studied  by  Pammel,2  a  notable 
exception  being  the  work  of  Duggar  3  in  19 16,  who  described  a  conidial 
stage  from  material  which  he  found  in  a  cotton  field  near  Paris,  Tex.,  in 
1915.  However,  Duggar's  classification,  based  on  the  character  of  this 
fruiting  form,  does  not  appear  to  have  been  adopted  by  other  pathol- 
ogists. 

The  conditions  at  Sacaton,  Ariz.,  during  the  seasons  of  192 1  and  1922 
permitted  unusually  satisfactory  observations  upon  the  intimate  rela- 
tionship existing  between  the  disease  and  a  fruiting  form  of  the  fungus, 
which  is  evidently  identical  with  that  described  by  Duggar.  In  the 
Salt  River  Valley,  Ariz.,  during  the  seasons  191 7  to  1919  the  fruiting 
fungus  had  been  observed  on  several  occasions,  sometimes  in  abundance 
following  a  rainy  period  and  often  as  isolated  spots  where  a  depression 
or  crack  in  the  soil  afforded  favorable  conditions;  but  at  no  time  was 
the  material  so  abundant  and  so  definitely  associated  with  the  presence 
of  the  disease  as  at  Sacaton  during  the  past  two  seasons. 

In  comparing  the  manner  of  spread  of  the  disease  in  various  crops,  it 
was  noted  that  in  alfalfa  fields  its  behavior  was  very  suggestive  of  fairy 
rings.  The  perfectly  formed  circles,  consisting  of  an  outer  ring  of 
recently  dead  plants,  an  inner  ring,  or  "bare  zone,"  where  only  the  old 
stubble  of  dead  plants  remains,  and  a  central  zone  occupied  by  reestab- 
lished plants  arising  from  fragments  of  crowns  or  roots  not  fully  de- 
stroyed, establish  the  fact  that  the  disease  spreads  from  a  center  in  ever- 
widening  circles  and  that  having  passed  a  given  place  leaves  this  spot 
free  from  the  disease  until  reinfected.  In  badly  infected  fields  where 
the  disease  is  of  long  standing  the  crossing  and  recrossing  of  the  widening 
rings  may  completely  obscure  the  fairy-ring  effect. 

The  resemblance  to  fairy  rings  is  made  still  more  striking  by  the 
abundant  crops  of  fruiting  bodies,  which  in  Arizona  appear  on  the 
periphery  of  the  circles  shortly  after  the  occurrence  of  rainy  weather. 
The  newly  formed  fruiting  bodies  appear  as  feltlike  mats  on  the  surface 
of  the  ground,  or  in  cracks  or  depressions,  and  are  rarely  found  more 
than  6  or  8  inches  from  the  outer  circle  of  recently  wilted  plants.  At 
times  they  have  been  so  abundant  as  to  cover  over  300  square  feet  of 
soil  surface  in  a  2  2 -acre  alfalfa  field  where  3  or  4  acres  of  the  plants  had 
died. 

1  Accepted  for  publication  Dec.  16,  1922. 

2  Pammel.  L.  H.    cotton  root-rot.    In  Tex.  Agr.  Exp.  Sta.  2d  Ann.  Rpt.  1889.  p.  61-86,  3  pi.    1890. 

*  Duggar,  B.  M.    the  texas  root-rot  fungus  and  its  conidial  stage.    In  Mo.  Bot.  Gard.  Bui.,  v. 
3.  p.  n-23,  5  fig.     1916.     Bibliography,  p.  23. 
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CONTROL  EXPERIMENTS 

The  characteristic  behavior,  indicating  that  the  disease  is  virulent 
only  near  the  rim  of  the  circles,  encouraged  the  writer's  attempted  use 
of  certain  fungicides  in  the  effort  to  check  the  spread  of  the  fungus. 
By  thoroughly  saturating  the  soil  to  a  depth  of  4  feet  with  a  solution 
of  formaldehyde  (1  part  40  per  cent  formalin  to  100  parts  water),  in 
small  circular  areas  where  the  activity  had  just  started,  it  was  found 
possible  to  prevent  further  spread  of  the  disease.  It  appears  that  the 
fungus  mycelium  must  extend  a  foot  or  more  in  advance  of  the  last 
plant  showing  distress,  since  to  be  effective  the  soil  18  inches  outside 
the  apparent  periphery  in  alfalfa  fields  must  also  be  included  in  the 
treatment,  it  was  found. 

With  cotton  plants  the  mycelium  appears  to  extend  for  at  least  2% 
feet  in  advance  of  the  ring  of  recently  wilted  ones,  there  being  instances 
where  the  disease  reappeared  after  treatment  on  plants  2%,  feet  away. 
In  no  case  in  cotton  fields  has  the  disease  reappeared  where  the  treated 
area  extended  as  far  as  3  feet  outside  the  ring  of  recently  wilted  plants. 
The  most  practical  method  of  applying  the  solution  seems  to  be  that  of 
throwing  up  a  small  dike  around  the  area  to  be  treated  and  pouring 
in  the  solution  gradually  until  the  soil  has  been  saturated  to  a  depth  of 
at  least  4  feet. 

None  of  the  areas  in  alfalfa  fields  treated  as  described  above  in  July 
and  early  August,  1922,  have  shown  further  disease  activity  after  60 
days.  With  the  control  areas  where  dikes  were  thrown  up,  but  no 
fungicide  applied,  the  disease  has  progressed  from  4  to  4^  feet  during 
that  time.  There  has  been  no  reappearance  of  the  disease  outside  any 
of  the  areas  in  cotton  fields  during  50  days  after  treatment.  In  the 
control  areas  the  disease  has  advanced  from  6  to  8  feet  during  that 
interval. 

The  first  successful  attempt  to  communicate  the  rootrot  disease  to 
healthy  cotton  plants  was  made  in  August,  1922.  The  inoculation  experi- 
ments were  conducted  with  normal  plants  in  the  field,  since  it  had  been 
found  difficult  to  grow  normal  cotton  plants  or  develop  them  into  a 
fruiting  condition  in  pots  in  the  greenhouse  under  the  climatic  condi- 
tions which  prevail  at  Sacaton  in  summer.  An  area  was  selected  on 
which  there  had  been  no  evidence  of  rootrot  since  the  experiment  sta- 
tion was  established  in  1907.  A  trench  was  made  on  July  29,  approxi- 
mately 2  feet  wide,  9  feet  long,  and  2K  feet  deep,  between  two  cotton 
rows  in  which  the  plants  were  normal  in  every  respect  and  fruiting 
heavily.  With  a  small  hand  pick  the  soil  on  one  side  of  the  trench  was 
dug  away  from  the  roots  of  each  plant  alongside  the  trench  until  15 
inches  or  more  of  each  tap  root  had  been  exposed  in  the  small  vertical 
channels.  On  this  side  of  the  trench  sections  of  rootrot-diseased  cotton 
roots  1  inch  in  length,  previously  washed  in  distilled  water,  were  inserted 
in  the  channels  and  placed  end  to  end  and  in  direct  contact  with  the 
healthy  tap  root.  The  full  length  of  the  channel  was  then  stuffed  with 
sterile  cotton  soaked  in  distilled  water,  and  then  soil,  which  had  been 
saturated  with  water,  was  applied  with  a  trowel  on  top  of  the  cotton 
until  the  channels  were  completely  filled. 

On  the  other  side  of  the  trench  the  roots  were  exposed  in  the  same 
manner,  but  instead  of  diseased  roots  being  used  the  cotton  wrapping  was 
soaked  in  distilled  water  containing  50  cc.  per  liter  of  fresh  spores  col- 
lected from  active  rootrot  spots.  After  21  days  following  a  rainy  period, 
one  of  the  plants  treated  with  diseased  roots  wilted  suddenly  and  upon 
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being  pulled  up  showed  in  abundance  the  characteristic  mycelium  of 
the  rootrot  fungus.  Within  5  days  four  other  inoculated  plants  died  in 
the  same  characteristic  manner,  but  by  this  time  the  soil  on  the  sides  of 
the  trench  had  become  so  depleted  of  moisture  that  the  disease  was 
unable  to  make  further  progress. 

From  the  first  inoculated  plant  which  died  (it  was  pulled  up  imme- 
diately after  wilting),  the  mycelium  was  isolated  and  pure  cultures  were 
prepared  after  the  method  of  Atkinson.4  Bits  of  sterile  cotton  roots 
were  used  as  the  medium.  After  abundant  growth  had  been  obtained 
from  one  of  these  pure  cultures  on  a  layer  of  sterile  cotton  roots  in  moist 
chambers,  the  material  was  conveyed  to  another  trench  that  had  been 
prepared  a  few  feet  from  the  first.  This  material  was  then  used  to  in- 
oculate 10  plants  on  one  side  of  the  trench,  4  plants  being  left  as  a  con- 
trol. The  14  plants  on  the  other  side  of  the  trench  were  treated  with 
diseased  roots  as  described  above.  The  plants  were  kept  well  supplied 
with  moisture  and  in  12  days  they  began  dying  almost  simultaneously 
on  both  sides  of  the  trench.  By  September  20,  the  disease  had  appeared 
in  all  but  4  or  5  of  the  plants  on  both  sides  of  the  trench,  including  the 
four  control  plants,  which  had  been  attacked  one  at  a  time  by  the  inva- 
sion of  the  mycelium  through  the  soil  from  the  inoculated  plants.  By 
October  1,  the  mycelium  had  spread  from  the  pure-culture  treatment  to 
the  plants  3X  feet  away  in  the  next  row,  and  4  of  them  had  succumbed 
by  this  date.  After  seven  weeks  none  of  the  plants  which  had  been 
treated  with  spores  showed  any  signs  of  distress. 

Spores  collected  from  fresh  fruiting  mats  were  induced  to  germinate 
in  distilled  water  and  in  artificial  media  after  several  days,  but  the  re- 
sulting growth  was  extremely  slow.  After  five  weeks  in  the  Van  Tieghem 
cells  the  germ  tubes  have  grown  but  two  or  three  times  longer  than  the 
diameter  of  the  spores.  The  difficulty  in  inducing  the  spores  to  develop 
in  artificial  media  and  the  failure  to  induce  the  disease  by  applying  them 
to  the  roots  of  healthy  plants  is  not  surprising.  If  the  conditions  neces- 
sary for  the  development  of  spores  were  not  very  exacting,  the  enormous 
quantities  in  which  they  are  produced  would  long  since  have  made  the 
distribution  of  the  disease  universal. 

It  is  of  the  utmost  importance  to  determine  as  promptly  as  possible 
to  what  extent  the  promising  results  obtained  in  these  local  experiments 
are  applicable  in  other  regions. 

SUMMARY 

(1)  At  Sacaton,  the  fungus  causing  rootrot  of  cotton  and  alfalfa 
fruits  abundantly  in  favorable  seasons,  the  fruiting  masses  being  identi- 
cal apparently  with  those  described  by  Duggar.5 

(2)  The  fungus  spreads  from  a  center  in  ever-widening  circles  after 
the  manner  of  a  fairy-ring  fungus. 

(3)  Plants  have  been  inoculated  successfully  with  pure  cultures  of 
the   mycelium. 

(4)  Spores  are  germinated  with  difficulty  and  have  not  been  used 
successfully  as  a  medium  of  inoculation. 

(5)  The  spread  of  the  disease  may  be  checked  by  the  use  of  formalde- 
hyde. 

4  Atkinson,  G.  F.    method  for  obtaining  pure  cultures  of  pammel's  fungus  of  Texas  root 
rot  OF  cotton.    In  Bot.  Gaz..  v.  18,  p.  16-19.     1893. 
6  Duggar,  B.  M     op.  cit. 
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INTRODUCTION 

Prom  a  plant  breeder's  point  of  view  it  would  be  very  desirable  to 
establish  an  index  by  means  of  which  the  baking  quality  or  strength  of 
wheat  flour  could  be  determined  at  an  early  stage  of  the  breeding  work 
so  that  the  weak  wheat  strains  could  then  be  discarded,  instead  of 
carrying  them  through  all  the  stages  of  propagation  and  the  processes 
in  the  bakehouse.  The  solution  of  this  problem  calls  for  the  establish- 
ment of  a  definite  relation  between  a  wheat  character,  determinable 
early  in  the  selection  or  breeding  work,  and  the  strength  of  the  flour  as 
measured  by  the  loaf  volume. 

A  study  of  the  literature  on  the  chemistry  of  wheat  (18)4  reveals  a 
marked  divergence  of  views  as  to  the  significance  of  the  various  chemical 
characteristics  of  wheat  in  relation  to  the  bread-making  quality  of  the 
flour.  Almost  without  exception,  the  work  on  the  relationship  of  the 
chemical  characters  to  bread-making  value  is  characterized  by  the  lack 
of  statistical  methods.  The  writer  is  aware  of  no  publication  in  which 
this  relationship  and  its  degree  are  expressed  in  terms  which  will  allow 
of  comparison. 

In  the  present  paper  a  large  number  of  published  data  on  the  chemistry 
of  wheat  are  compiled  and  the  coefficients  of  correlation  for  the  important 
chemical  characters  computed.  In  submitting  the  results  of  this  study 
attention  must  be  called  to  the  limitations  of  the  material.  In  order  to 
exclude  possible  errors  due  to  differences  in  the  nature  of  the  material 
and  in  technic,  it  was  thought  advisable  to  an  alyze  the  data  into  groups 
by  States  and  according  to  the  kind  of  wheat  rather  than  to  lump  them 
together  into  larger  classes  including  several  States  or  wheat  districts. 
This,  of  course,  resulted  in  a  reduction  of  the  data  in  the  individual 
groups,  which  in  some  correlation  tables  reaches  a  point  where  con- 
clusions can  not  always  safely  be  drawn. 

A  further  limitation  of  the  material  considered  in  this  study  lies  in 
the  relatively  small  amount  of  data  on  the  chemistry  of  wheats  and  flours 
derived  from  pure  strains.  The  data  on  pure  lines  are  limited  both  in 
regard  to  localities  and  number  of  samples  analyzed.  The  writer  believes 
that  the  proper  approach  to  the  solution  of  the  question  of  correlations 


1  Accepted  for  publication  Nov.  14,  1921. 

Wheat  Investigations  II.  Papers  from  the  Biological  Laboratory  of  the  Maine  Agricultural  Experiment 
Station,  No  147. 

2  In  the  preparation  of  this  paper  the  writer  received  helpful  suggestions  from  Dr.  John  W.  Gowen,  of 
the  Maine  Agricultural  Experiment  Station,  and  assistance  from  Mr.  H.  C.  McPhee  and  Mr.  E.  R.  Ring, 
also  of  the  Maine  station,  in  the  tabulation  and  computation  of  the  data. 

8  Dr.  Jacob  Zinn  died  in  October,  1921. 

'Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  548. 
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between  the  characters  here  considered  must  be  based  upon  a  large 
amount  of  data  secured  from  analyses  of  pure  lines  and  made  by  the  same 
laboratory,  rather  than  any  analyses  of  commercial  varieties.  In  the 
light  of  this  proposition  the  present  paper  is  to  be  regarded  as  a  pre- 
liminary study,  as  the  amount  of  data  from  pure  lines  here  included  is 
very  limited. 

Notwithstanding  these  limitations  the  present  study  is  of  some  interest. 
It  represents  the  first  attempt  to  analyze  statistically  a  large  amount 
of  raw  data  by  computing  from  them  correlation  coefficients  for  a  number 
of  characters.  It  should  throw  some  light  upon  the  relationships  of  the 
chemical  characters  where  formerly  they  were  based  merely  upon 
observation  or  inspection  of  data.  It  should  also  be  instructive  to  com- 
pare, in  the  future,  the  results  obtained  in  the  main  from  commercial 
varieties  with  those  to  be  secured  from  pure  lines  of  wheat.  Finally,  it 
may  furnish  suggestions  of  service  in  appraising  the  bread-making  value 
of  wheats. 

MATERIAL  AND  METHODS 

The  material  used  in  the  present  study  is  the  data  from  chemical, 
milling,  and  baking  tests  published  by  the  agricultural  experiment 
stations  of  Colorado  (7),  Idaho  (8),  Kansas  (16),  Maine  (18),  Minnesota 
(2,  3,  4,  5),  Montana  (13),  North  Dakota  (6,  g,  10,  15),  Ohio  (1,  17), 
Wisconsin  (jtj),  and  the  Central  Experimental  Farms  of  Canada  at 
Ontario  (12).  While  the  choice  of  the  material  was  naturally  limited  by 
the  availability  or  lack  of  data  for  the  different  grain-growing  legions, 
an  inspection  of  the  localities  stated  above  will  show  that  they  include 
the  important  districts  of  the  hard  red  spring  and  semihard  red  spring 
wheats,  the  hard  red  winter,  and  semihard  red  winter  wheats.  No  data 
are  included  on  the  white  soft  wheats  of  the  Pacific  coast,  the  soft  winter 
wheats  of  the  Mississippi  district,  and  the  durum  wheats. 

The  classification  of  the  material  is  first  based  upon  the  geographic 
distribution  of  the  wheats  and  flours,  the  data  of  each  experiment  station 
being  treated  separately.  The  data  of  each  experiment  station  are 
further  subdivided  according  to  the  kind  of  wheat,  the  spring  wheats 
and  winter  wheats  being  grouped  separately.  A  further  subdivision  of 
the  material  was  effected  by  grouping  the  spring  wheats  and  winter 
wheats  according  to  whether  they  are  commercial  varieties  or  pure  strains. 

The  coefficients  of  correlation  computed  in  this  study  relate  to  10 
important  values  secured  from  chemical  analysis  and  milling  and  baking 
tests.  Protein  content  in  wheat  is  correlated  with  protein  content  in 
the  flour,  dry  gluten,  gliadin,  and  yield  of  flour.  Loaf  volume  is  corre- 
lated with  protein  content  in  wheat,  protein  content  in  the  flour,  dry 
gluten  content,  wet  gluten  content,  quality  of  gluten,  gliadin  water 
absorption,  and  yield  of  flour.  Dry  gluten  is  correlated  with  gliadin 
and  water  absorption.  As  already  noted,  the  whole  material  was  ana- 
lyzed into  four  groups:  Spring  wheats,  winter  wheats,  commercial 
varieties,  and  pure  strains.  Of  the  total  number  of  100  computed  coeffi- 
cients of  correlation,  30  relate  to  commercial  varieties  of  spring  wheat, 
27  to  pure  strains  of  spring  wheat,  32  to  commercial  varieties  of  winter 
wheat,  and  1 1  to  pure  strains  of  winter  wheat. 

Since  the  data  used  in  this  paper  have  all  been  published  by  the 
experiment  stations  enumerated  above,  it  is  not  necessary  to  publish 
the  large  number  of  correlation  tables.  However,  for  each  kind  of  corre- 
lation, with  a  few  exceptions,  a  representative  correlation  table  is  here 
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published,  giving  the  frequency  distribution  typical  for  each  pair  of 
characters.  Following  each  table  are  tabulated  summaries  of  correlation 
coefficients  pertaining  to  the  characters  correlated  in  the  preceding  table. 
The  calculation  of  the  coefficients  of  correlation  was  carried  to  the  sixth 
decimal  place  and  recorded  to  the  fourth. 


ANALYSIS  OF  DATA 
PROTEIN   CONTENT  IN  WHEAT  AND  FLOUR 

From  the  nature  of  these  two  values  a  very  close  relation  between  them 
may  be  anticipated.     The  degree  of  that  relationship  is  of  interest. 

[TabuJ  I. — Correlation  between  protein  content  in  ike  wheat  and  the  flour  of  Minnesota 

spring  wheats  of  commercial  varieties 


Protein  in  the  flour  (per  cent). 

Protein 

in  the  wheat 

(per  cent). 

9.00 

to 

9-  SO 

9-5° 

10.00 

10.50 

n.oo 

n.50 

12.00 

12.50 

13.00 

13-5° 

14.00 

14.50 
to 

15.50 

Total 

9.5  to  10.00 

I 
6 

4 

I 

IO.50 

I 

3 

2 
6 

10 

9 
17 
25 
39 
36 
21 

4 
10 
11 

2 
2 

II    SO 

3 
21 

13 
1 

2 

6 

17 

7 

3 

1 

1 
1 

9 

15 

1 

12    KO 

2 

1 
1 
6 
3 

13  OO 

1 

4 
7 
3 

1 
2 

1 

29 

13 

8 

2 

3 
1 

I 
I 
I 

4 

3 

1 

5 

1 

l6  tO  16   KO 

Total  . . 

4 

11 

20 

29 

38 

36 

27 

11 

15 

7 

7 

3 

208 

T  =  O.9I3O±O.O079. 


Table  II. — Correlation  coefficients  for  protein  content  in  the  wheat  and  the  flour 


Kind  of  wheat. 


Number 
of  samples. 


Commercial  varieties: 

Colorado  spring  wheats 

Minnesota  spring  wheats. . . . 

North  Dakota  spring  wheats 

Montana  spring  wheats 

Kansas  winter  wheats 

Minnesota  winter  wheats. .. 

Montana  winter  wheats 

Ohio  winter  wheats 

Idaho  winter  wheats 

Pure  strains: 

Minnesota  spring  wheats. . . . 

North  Dakota  spring  wheats 

Wisconsin  winter  wheats. .. . 

Ohio  winter  wheats 


48 
208 
119 
34 
47 
43 
9i 
99 
60 

48 

28 

7 

25 


Coefficient  01  correla- 
tion. 


o.  8036  ±0. 
.  9120^  . 

•  9i6i±  . 
.  97io±  . 
.8957±  . 
.  92i6±  . 

•9259±  • 

•  9438±  • 
.9728^  . 


0344 
0079 
0100 
0066 
0194 
0154 

OIOI 

0074 
0046 


.  892 1 ±  .  0199 

.9686^  .0078 

.  88i4±  .  0571 

.  9i48±  .  0220 
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The  data  in  Tables  I  and  II  show  a  very  high  positive  correlation 
between  protein  content  in  wheat  and  flour.  The  coefficients  of  cor- 
relation range  from  0.8036  ±0.0344  f°r  the  Colorado  spring  wheats  to 
0.9728  ±0.0046  for  the  Idaho  winter  wheats.  The  average  for  the  com- 
mercial varieties  is  almost  identical  with  that  for  the  pure  strains. 

DRY   GLUTEN   AND    PROTEIN   IN   THE    WHEAT 

In  view  of  the  significance  attached  to  the  gluten  content  as  influencing 
the  strength  of  flour,  the  relation  of  the  former  to  the  protein  content 
in  the  wheat  is  of  interest. 

Table  III. — Correlation  between  dry  gluten  and  protein  content  in  Ohio  winter  wheats 

of  commercial  varieties 


Dry  gluten  content 
(per  cent). 

Protein  in  the  wheat  (per  cent). 

8.50  to 
9.00 

9.00 

9- SO 

IO.00 

10.50 

u. 00 

n.50 

12.00 

12.50  to 
13.00 

Total. 

7.00 

4 

1 

I 
2 

4 

5 
5 
8 

7. So  . 

2 
2 
2 

8.00 

3 

1 

1 
3 
3 

1 
1 

3 

1 

0 

8. so 

9 
10 

0.00 

3 

4 

3 
7. 

O.CO 

2 
1 

T 

I 

7 
7 
5 

10.00 

I 

1 

I 

1 

i 

Total    . 

5j        ,|        6 

4 

7 

9 

13 

5 

2 

58 

r  =  o.8695±o.o2i7. 


Table  IV. — Correlation  coefficients  for  characters  dry  gluten  and  protein  content  in  wheat 


Kind  of  wheat. 


Commercial  varieties: 

Colorado  spring  wheats 

North  Dakota  spring  wheats 

Ohio  winter  wheats 

Idaho  winter  wheats 

Pure  strains: 

Maine  spring  wheats 

Ohio  winter  wheats 


Number  of 
samples. 


48 

37 
58 
60 

3i 
13 


Coefficients  of  correla- 
tion. 


O.  6951  ±0.0503 
.8300  +  .0345 
.  8695 ±  .  0217 
.  9824  ±  .0031 

. 9603  ±  .  0095 
.  9483 ±0.  0190 


The  correlation  between  these  two  chemical  characters  is  positive  and 
very  high,  as  would  be  expected.  The  correlation  coefficients  range  from 
0.4951  +  0.0503  for  the  Colorado  spring  wheats  to  0.9824  +  0.0031  for  the 
Idaho  winter  wheats,  the  data  for  the  two  States  marking  again  the  limits 
of  the  range  as  in  the  case  of  the  relationship  of  the  protein  in  wheat  to 
protein  in  the  flour. 
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GUADIN   AND   PROTEIN   CONTENT   IN  THE   WHEAT 

Gliadin,  both  its  absolute  amount  in  the  flour  and  in  the  form  of  the 
gliadin  number  (ratio  of  gliadin  to  glutenin)  has  by  some  chemists  been 
regarded  as  the  determining  factor  of  strength  of  the  wheat  flour.  The 
degree  of  its  association  with  the  crude  protein  content  of  wheat  should, 
therefore,  be  a  matter  of  interest  in  the  study  of  the  chemical  relation- 
ships in  wheat. 

Table  V. — Correlation  between  gliadin  and  protein  content  in  North  Dakota  spring 

wheats  of  commercial  varieties 


Protein  in  wheat  (per  cent). 

■ 

Gliadin  (per  cent). 

0 

o\ 

O 

8 

01 

0 

6» 

0 

0 

0 

0 

0 

8 

0 
m 

M 

O 

q 

0 
1/, 

8 

0 

8 
4 

0 

-t 

8 

in 
I 

0 

Si 

•• 

8 
0 

0 

in 
■O 

■2 

8 

T 

0 

1/1 

I 
2 

8 
00 

* 
1 

1 

8 

0 
+j 

a 

00 

I 
I 

"a 

4.  CO 

I 

I 
I 

I 

2 

I 

I 

4 
2 

1 
3 
7 

2 

3 

I 

2 

s 

4 

2 
6 

2 
4 
2 

2 

4 

T 

2 

tr.oo 

3 
2 

3 

1 

I 
1 

I1.. 

2 

c.tro 

I 

2 

I 

IO 

6.00 

IO 

6.  Co 

l6 

7.00 

19 
l8 

7. CO 

° 

8.00 

2 

3 

2 

1 

2 

5 

1 

2 

I 

IO 
l6 

S 
4 

8. co 

0.00 ' 

y                                                        1 

.  .              . 

"1" 

Total 

I 

I 

2 

2 

5 

12 

8 

14 

11 

4 

3 

| 

' 

9 

1 

*x3 

f =0.7863  ±0.0243. 

Table  VI.- 


^orrelation  coefficients  for  gliadin  and  protein  in  wheat 


Kind  of  wheat. 


Commercial  varieties: 

North  Dakota  spring  wheats 

Kansas  winter  wheats 

Ohio  winter  wheats 

Pure  strains: 

North  Dakota  spring  wheats. 


Coefficient  of  correla- 
tion. 


O.  7863  ±0.0243 
.  8508 ±  .  0306 
.  Q244±  .  0160 

•  9295 ±  .  0181 


The  data  in  Tables  V  and  VI  show  a  very  close  correlation  between 
gliadin  and  crude  protein  in  wheat.  The  correlation  coefficients  range 
from  0.7863  ±0.0243  for  the  North  Dakota  commercial  varieties  of 
spring  wheat  to  0.92954^0.0181  for  the  North  Dakota  pure  strains  of 
spring  wheat. 

The  characters  so  far  discussed  are  all  component  parts  of  the  crude 
protein  of  wheat,  and  their  mutual  relationship  is  to  be  a  priori  assumed. 
It  is  of  interest,  however,  to  note  the  intensity  of  this  relationship  as 
given  by  the  correlation  coefficients. 
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FLOUR    YIELD   AND   PROTEIN   IN   WHEAT 

The  question  of  relation  between  flour  yield  and  protein  in  the  wheat 
is  of  concern  especially  to  the  miller. 

Table  VII. — Correlation  between  flour  yield  and  protein  in  Minnesota  spring  wheats  of 

commercial  varieties 


Protein  in  wheat 
(per  cent). 

Yield  of  flour  (per  cent). 

To- 
tal. 

65  to 
66 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76  to 
77 

1 
1 

5 

10 
6 

3 

5 

1 

I 

ro.CO 

I 
I 

I 

I 
2 

I 

3 
3 
3 
4 

1 

3 

3 
6 

S 
6 

7 

3 
2 

3 
2 
1 

1 
3 

8 

7 
3 
4 

1 

1 
1 

7 
6 

3 
6 

11 

5 
3 

9 
17 
25 
39 
33 
20 

II.OO 

I 

I 

1 

3 

1 

1 

3 

1 

1 

I 

3 

1 

2 

1 
1 
1 

I 
I 

17.   ZO 

?8 

I 

12 

2 
2 
2 

1 
1 

8 

IC  oo 

4 

S 

1 

I  ?    CO 

3 

1 

16.50  to  17.00 

Total.... 

3 

3 

8 

5        24 

38 

32 

27 

47 

8 

5 

2 

203 

r=o.i789±o.04S9. 

Table  VIII. — Correlation  coefficients  for  protein  in  the  wheat  and  yield  of  flour 


Kind  of  wheat. 


Commercial  varieties: 

North  Dakota  spring  wheats 

Minnesota  spring  wheats 

Montana  spring  wheats 

Ohio  winter  wheats 

Montana  winter  wheats 

Minnesota  winter  wheats — 

Pure  strains: 

North  Dakota  spring  wheats 
Minnesota  spring  wheats.  .. . 
Wisconsin  winter  wheats. . . . 


Number  of 

Coefficient  of  correla- 

samples. 

tion. 

99 

—  0.  2167  ±0.  0646 

202 

. 1789 ±   .0459 

34 

•375i±  -°994 

29 

— .  2062 ±  .  1 199 

9i 

.  0884 ±  .  0702 

43 

•  3238±  -°921 

56 

— .OQ42±  .0893 

48 

.  i255±  .0958 

22 

.  o6oi±  .  1433 

For  the  nine  groups  of  data  six  coefficients  are  positive  in  signs  and 
three  negative.  The  correlations  for  the  Ohio  winter  wheats,  Montana 
winter  wheats,  North  Dakota  spring  wheats,  pure  strains,  Minnesota 
spring  wheats,  pure  strains,  and  Wisconsin  pure  strains  of  winter  wheats 
are  not  significant,  since  the  value  of  the  respective  coefficients  is  less  than 
three  times  their  probable  error.  The  remaining  four  coefficients  indi- 
cate only  a  very  slight  correlation.  Of  these  three  are  positive  in  sign 
and  one  is  negative.     The  highest  correlation,  that  for  the  Montana 
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spring  wheats,  is  based  upon  data  from  only  34  samples.  From  the  evi- 
dence furnished  by  these  data  it  would  seem  that  so  far  as  flour  yield  is 
concerned,  and  within  the  above  range  of  protein  content,  it  matters  little 
whether  the  miller  buys  wheats  of  high  or  low  protein  content.  This  is  in 
conformation  of  the  results  obtained  by  Thomas  (14)  who  states  that — 

normal,  plump,  dry,  and  sound  wheat  of  all  classes  yields  approximately  the  same 
percentage  of  flour. 


PROTEIN   CONTENT  IN  WHEAT  AND  EOAF   VOLUME 

From  a  commercial  point  of  view  the  value  of  a  bread  wheat  is  deter- 
mined principally  by  the  size  of  loaf  baked  from  a  unit  of  flour  of  that 
wheat.  The  size  of  bread  loaf  is  generally  measured  by  the  volume,  ex- 
pressed in  cubic  centimeters,  of  the  loaf  baked  from  a  unit  of  flour, 
usually  340  gm.  The  volume  of  bread  loaf  is  at  present  the  only  reliable 
index  of  flour  strength.  It  is,  therefore,  not  surprising  to  find  that  va- 
rious chemical  characters  have  been  studied  in  an  effort  to  establish  a  re- 
lationship between  them  and  all  the  important  factor  of  flour  strength. 

The  following  data  are  intended  to  express  the  relationship,  in  the  light 
of  the  available  material,  between  the  volume  of  bread  loaf  and  the  pro- 
tein in  the  wheat,  protein  in  the  flour,  dry  gluten,  wet  gluten  gliadin,  and 
water  absorption. 


Table  IX. 


orrelation  between  protein  in  the  wheat  and  loaf  volume  from  Ohio  winter 
wheats  of  commercial  varieties 

Loaf  volume  (cc.) 


Protein  in  wheat 
(percent). 

i,6oo  to 

1,700 

1,700 

1,800 

1,900 

2,000 

2,100 

2,300  to 
2,200              ,J 

2,400 

Total. 

8.00 to  8.50.  .  . 

8. co 

I 
I 

2 

3 
3 
3 
2 

2 

3 
2 

1 

4 

1 

3 

1 

5 
4 
3 

2 
2 

1 

3 
6 

7 
3 
2 

1 

6 

9.00 

Q.CO 

| 

10 

8 

IO.OO 

6 

IO. CO 

I 

1 

1 
2 
2 

1 

3 
2 

1 

1 

1 

I 

10 

11.00 

16 

II. CO 

2 

17 

7 
8 

12.00 

12. CO 

I 

2 

17..  OO 

3 

4 

1 

I-J.CO 

1 

2 

1 

1 

I 

1 

1 



1 

1 

17.50  to  18.00. 

Total... 

4 

5 

19            22 

27 

15 

6 

2 

100 

T  —  O.5394±o.0479. 
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Table  X. — Correlation  coefficients  for  protein  in  wheat  and  loaf  -volume 


Kind  of  wheat. 


Commercial  varieties: 

North  Dakota  spring  wheats 

Minnesota  spring  wheats 

Montana  spring  wheats 

Colorado  spring  wheats 

Montana  winter  wheats 

Ohio  winter  wheats 

Minnesota  winter  wheats 

Kansas  winter  wheats 

Pure  strains: 

Minnesota  spring  wheats 

Wisconsin  spring  wheats 

Maine  spring  wheats 

Ohio  winter  wheats 


Number  of 
samples. 


128 
202 

34 
48 

9i 
100 

43 
42 

48 
22 

31 
2S 


Coefficients  of 
correlation. 


-O.  II72±0.  0588 
.  1827 ±  .  0459 

•3555±  •  ion 
.4qo8±  .0739 

•  3638±  .0613 

•  5394 ±  •  0479 

•  5874±  .0674 
.  7547  ±  .0448 

.  462 1 ±  .  0766 
.  5123 ±  .  1061 
.  5i94±  .0885 
. 5548 ±  .  0934 


The  data  in  Tables  IX  and  X,  with  the  exception  of  those  for  North 
Dakota  spring  wheats  and  Minnesota  commercial  varieties  of  spring 
wheats,  indicate  a  high,  positive  correlation.  The  coefficients  of  cor- 
relation range  from  —  o.  11 72  ±0.0588  for  the  North  Dakota  wheats  to 
0.7547  ±0.0448  for  the  Kansas  wheats.  The  negative  correlation  for 
the  North  Dakota  wheats  is  not  significant,  since  the  value  of  the  co- 
efficient is  less  than  three  times  its  probable  error.  The  coefficient  for 
the  Minnesota  commercial  varieties  of  spring  wheats  indicates  only  a 
slight,  positive  correlation.  This  is  rather  of  interest  since  both  States 
are  centers  of  production  of  the  hard  red  spring  wheat.  In  this  connec- 
tion the  observations  of  Thomas  (14)  may  be  cited  which  seem  to  throw 
some  light  on  this  point.  Thomas  found  that  high  crude-protein  con- 
tent as  a  rule  is  accompanied  by  high  strength  but  that  the  relation 
between  these  two  factors  varies  with  different  classes  of  wheat,  and 
extremely  high  crude-protein — over  15  per  cent — is  sometimes  accom- 
panied by  a  decrease  in  baking  strength.  The  writer  had  occasion  to 
observe  several  similar  instances  in  pure  lines  selected  from  Preston 
wheats.  Thomas  further  found  that  a  wider  variation  in  volume  is 
noticeable  with  all  classes  of  wheat  for  the  lower  percentages  of  protein 
than  for  the  higher  percentages,  many  samples  with  very  high  protein 
content  being  lower  in  strength  than  those  having  a  medium  content. 
In  the  light  of  these  observations  one  may  assume  that  the  large  number 
of  samples  with  very  high  protein  entering  into  the  material  from  which 
the  North  Dakota  and  Minnesota  data  have  been  secured  may  have 
counteracted  and  neutralized  the  influence  of  the  samples  having  a 
medium  protein  content.  It  should  be  noted,  however,  that  the  co- 
efficients for  the  Minnesota  pure  strains  of  spring  wheat  indicate  a 
rather  high  positive  correlation. 


PROTEIN   IN   FLOUR  AND  LOAF   VOLUME 

The  high  correlation  between  the  protein  content  in  the  wheat  and 
protein  content  in  flour  points  to  a  correlation  between  the  protein 
content  in  flour  and  loaf  volume  which  will  closely  agree  with  that 
between  the  protein  content  in  wheat  and  loaf  volume. 
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Table  XI. — Correlation  between  protein  in  flour  and  loaf  volume  from  Ohio  winter 

wheats  of  commercial  varieties 

VOLUME  LOAF  (cc.) 


Protein  in  flour  (per  cent) 

1,600 

to 
1.700 

1,700 

1,800 

1,900 

2,000 

2,100 

2, 200 

2,300 

to 

2,400 

Total. 

6.  CO 

1 
1 

1 

3 
4 
3 

1            2 

7 
10 

7.00.  . .  .> 

3 
2 

3 

1 

3 
4 
2 

2 

1 
2 
1 
3 
3 

11 
1 
2 
1 

1 

7. to 

8 

8.00 

1 

2 
3 

1 
1 

6 

8. co 

1 

I 
1 

3 
1 
2 
1 
2 

10 

0.00 

10 

O.  CO 

1 

10 

10.00 

1 
1 

15 

7 
8 

10. co 

3 
3 

11.00 

1 

II. CO 

1 

2 

12.00 

1 

1 

12. CO 

1 
1 

1 

11.00 

1 

17. CO 

1 

I 

2 

1 

ICCO.  . .  . 

I 

1 

1 

Total 

4 

5 

J9 

21 

27 

15 

6           2 

99 

r=o-  4709  ±0. 0528. 

Table  XII. — Correlation  coefficients  for  protein  in  flour  and  loaf  volume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of  correlation 

Commercial  varieties: 

North  Dakota  spring  wheats 

119 

203 
34 
48 
91 
99 
43 
43 

28 
48 
16 

25 

25 

—  0.  0987  ±0.  0612 
.  2586±.  0442 
•  3448±.  1019 
.  6130^.  0608 
.  3620J:.  0614 

Minnesota  spring  wheats 

Montana  spring  wheats 

Colorado  spring  wheats 

Montana  winter  wheats 

Ohio  winter  wheats 

.  4709±.  0528 
.6496  ±.0594 

•  7956±.0377 

.  3oi8±.  1158 
. 5469 ±.  0689 

•  5752±.  1129 
.  399°±-  1134 
.  556o±.  0932 

Minnesota  winter  wheats ■ 

Kansas  winter  wheats 

Pure  strains: 

North  Dakota  spring  wheats 

Minnesota  spring  wheats 

Ontario  spring  wheats 

Wisconsin  winter  wheats 

Ohio  winter  wheats 

From  these  data,  with  one  exception,  the  positive  and  generally  high 
correlation  between  the  loaf  volume  and  protein  in  flour  is  evident.  The 
correlation  for  the  North  Dakota  spring  wheats,  commercial  varieties, 
is  again  negative  and  without  significance.  An  inspection  of  Tables  X 
and  XII  further  shows  that  the  relative  rank  of  values  of  the  correlation 
coefficients  is  identical  for  both  pairs  of  characters  considered.  A  com- 
parison of  the  absolute  values  of  correlation  coefficients  for  the  two  pairs 
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of  variables  reveals  the  fact,  with  few  exceptions,  the  degree  of  correla- 
tion between  loaf  volume  and  protein  in  flour  is  higher  than  that  between 
loaf  volume  and  protein  in  wheat.  The  Ohio  and  Montana  winter  wheats 
constitute  an  exception  to  the  general  condition  as  indicated  by  the  fore- 
going data.  For  the  Ohio  winter  wheats,  commercial  varieties,  the 
correlation  between  loaf  volume  and  protein  in  flour  is  lower  than  that 
between  loaf  volume  and  protein  in  wheat  (Tables  IX  and  XI),  while  for 
the  Montana  winter  wheats  and  Ohio  winter  wheats,  pure  strains,  the 
degree  of  correlation  between  these  two  pairs  of  variables  is  practically 
identical. 

DRY  GLUTEN  AND  LOAF  VOLUME 

It  is  regretted  that  the  data  for  this  important  pair  of  variables,  both 
as  to  the  number  of  wheat  groups  and  number  of  samples  within  the 
groups,  should  be  so  small. 

Table  XIII. — Correlation  between  dry  gluten  and  loaf  volume  fiom  Ohio  winiti  wheats 

of  commercial  varieties 


Loaf  volume  (cc). 

Dry  gluten  (per  cent). 

1,500  to 
1,600 

1,600 

1,700 

1,800 

1,900 

2,000  j   2,100 

2,200  to 

2,300 

Total. 

t 

1 
1 
1 
3 
3 
4 
2 

5 

7    CO                                         

I 

I 
I 
I 

2 
2 

1 

5 

1 

A 

6 

8  oo                      

1 
2 

3 
2 

3 
3 

1 

8 

8  co                        

9 

11 

2 

10 

7 

1           3 

I 

5 

I 

I 

1 

1 

Total 

I 

3 

3 

17 

16 

20 

2 

I                 63 

T  =  o.4770±o.o6v56. 

Table  XIV. — Correlation  coefficients  for  dry  gluten  and  loaf  valume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of 
correlation. 

Commercial  varieties: 

37 
48 

63 

3i 
16 

O.0391  ±0.1107 

.7412 ±    .0439 

•  4770±    .0656 

Pure  strains: 

•5797 ±    .0806 

.6078^    .1063 

The  data  in  Tables  XIII  and  XIV  indicate,  again  with  one  exception, 
positive  high  correlations.  The  coefficients  of  correlation  range  from 
0.0391  ±0.1107  for  the  North  Dakota  spring  wheats  to  0.7412  ±0.0439 
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for  the  Colorado  spring  wheats.  The  degree  of  correlation  between  dry 
gluten  content  and  loaf  volume  for  the  Ohio  winter  wheats  is  practically 
identical  with  that  between  protein  in  flour  and  loaf  volume  for  the  same 
data,  while  with  the  other  wheats  the  data  indicate  a  higher  correlation 
between  gluten  and  loaf  volume  than  that  between  protein  in  flour  and 
loaf  volume.     The  correlation  for  the  North  Dakota  spring  wheats  is 


not  significant. 


WET  GLUTEN  AND  LOAF  VOLUME 


What  has  been  said  about  the  paucity  of  data  for  the  characters  dry 
gluten  and  loaf  volume  holds  also  for  the  data  on  wet  gluten  and  loaf 
volume. 

Table  XV. — Correlation  between  wet  gluten  and  loaf  volume  from  Colorado  spring 

wheats  of  commercial  varieties 


Loaf  volume  (cc.) 

Wet  gluten  (per  cent). 

1,000  to 
1,100 

1,100 

1,200 

I,30O 

1,400 

1,500 

1,600 

1,700  to 
1,800 

Total. 

2  3.  00 

I 

4 

1 
2 

2 

2  c.oo 

1 
1 

1 
4 
3 
3 

1 

1 
1 

7 
2 

27.00 

I 

29.00 

3 
5 
3 

4 
12 

■21. 00 

2 

1 

1 

1 

7 

5 
2 

2  er.OO 

I 

■2  7 .  OO 

1 

2Q.OO 

1 

2 

4.I.OO 

1 

AT.. OO 

1 

1 

4C.00 

1 

I 
I 

2 

1 



Total 

I                 2 

I 

6 

15 

16 

5 

2 

48 

T  =  O.5O25±O.0728. 

Table  XVI. — Correlation  coefficients  for  wet  gluten  and  loaf  volume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of  correla- 
tion. 

Commercial  varieties: 

North  Dakota  spring  wheats 

37 
48 
29 

3i 
16 

0.  2  6oo±o.  1034 
•  5025±    .  0728 

.  542  5  ±  .0883 

•4573±   -0958 
.  6062  ±.    1067 

Colorado  spring  wheats 

Ohio  winter  wheats 

Pure  strains: 

Maine  spring  wheats 

Ontario  spring  wheats 

The  coefficients  for  the  North  Dakota  spring  wheats  and  Ohio  winter 
wheats  show  a  higher  correlation  between  the  characters  here  considered 
than  that  between  dry  gluten  and  loaf  volume.  The  correlation  for  the 
North   Dakota   wheats,    however,    is   not   significant.     The   correlation 
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between  wet  gluten  and  loaf  volume  for  the  Colorado  and  Maine  wheats 
is  lower  than  that  between  dry  gluten  and  loaf  volume,  while  the  degree 
of  relationship  of  the  two  pairs  of  variables  is  almost  identical  for  the 
Ontario  wheats. 

WATER   ABSORPTION   AND   LOAF   VOLUME 

Strong  flours  are  regarded  as  being  possessed  of  a  higher  capacity  for 
water  absorption  than  weak  flours.  From  this  a  positive  correlation 
between  water  absorption  and  loaf  volume  is  to  be  expected. 

Table  XVII. — Correlation  between  water  absorption  and  loaf  volume  from  Minnesota 

spring  wheats  of  commercial  varieties 


Loaf  volume  (cc). 

Water  absorption  (per  cent). 

2,000 

to 
2, 100 

2, 100 

2, 200 

2.300 

2,400 

2,500 

2,600 

2,700 

to 

2,80O 

Total. 

47  to  48 

48 

2 

"* 

1 

2 
2 

1 
2 

1 

I 

CO 

I 

4 

1 

8 

ci 

2 

C2 

1 

2 

2 

2 
4 

6 

CI 

2 

2 

2 

3 
5 
4 
3 

9 

I 
2 

6 

ka 

2 
2 

1 

2 

1 
1 

1 
2 

4 

1 
1 
1 
1 

cc 

1 

1 
2 

6 

c6 

1 
7 
3 
8 

9 
3 

3 

5 

1 

1 

6 

5 

7 

20 

12 

12 

14 
23 
17 
33 

25 

12 

C7 

c8 

CO 

60 

61 

I 

62 

8  j         1 

A               2 

63 

1 

12 

64 

1 

I 

2 

6  c 

T 

3 

66  to  67  

1 

Total 

4 

9 

12 

12 

50 

84              27 

3 

201 

r=o.  376o±o.  0408. 

Table  XVIII. — Correlation  coefficients  for  water  absorption  and  loaf  volume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of  correlation 

Commercial  varieties: 

North  Dakota  spring  wheats 

119 

34 
201 

91 
43 
86 

42 

48 

27 

31 

O.  2099  ±0.  0591 
.  2546J:   .  1082 
.  3700±   .  0408 
.  0348 ±   .  0706 

•  4765±   -°795 
.  52gi±  .0524 
.  6601 ±  .  0587 

.  oioo±  .  0973 
.  4ii6±  .  1078 
.  1498 ±  .  1 184 

Montana  spring  wheats 

Minnesota  spring  wheats 

Montana  winter  wheats.  .                

Minnesota  winter  wheats  .                      

Ohio  winter  wheats 

Kansas  winter  wheats 

Pure  strains: 

Minnesota  spring  wheats 

North  Dakota  spring  wheats 

Ohio  winter  wheats 
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Of  the  10  coefficients  of  correlation  given  in  Tables  XVII  and  XVIII, 
3 — those  for  Montana  winter  wheats,  Minnesota  spring  wheats,  pure 
strains,  and  Ohio  winter  wheats,  pure  strains — indicate  no  significant 
correlation,  since  their  value  is  considerably  less  than  three  times  their 
probable  error.  The  correlation  for  the  winter  wheats  are,  with  two 
exceptions,  higher  than  for  the  spring  wheats. 

FLOUR   YIELD   AND  LOAF   VOLUME 

The  coefficients  of  correlation  for  this  pair  of  variables  do  not  indicate 
a  consistent  trend.  Of  the  eight  coefficients,  four  are  positive  in  sign 
and  four  negative.  Five  coefficients  indicate  virtually  no  correlation, 
as  their  value  is  less  than  three  times  their  probable  error.  Of  the 
remaining  three  coefficients,  two  indicate  only  a  slight  positive  correla- 
tion for  the  Minnesota,  winter,  and  spring  wheats,  and  one  the  highest 
but  negative  correlation,  —  o.392o± 0.0763  for  the  North  Dakota  spring 
wheats,  pure  lines.  In  considering  these  data  the  influence  of  the  con- 
dition of  wheat  upon  the  flour  yield  should  be  borne  in  mind,  the  shrunken 
wheat  often  yielding  less  flour  and  a  larger  volume  of  bread  loaf  than  very 
plump,  sound  wheat. 

Table  XIX. — Correlation  between  yield  of  flour  and  loaf  volume  from  Minnesota  spring 

wheats  of  commercial  varieties 


Leaf  volume  (cc). 

Yield  of  flour  (per  cent). 

2,000  to 
2,100 

2,100 

2,200 

2,300 

2,400 

2,500 

2,600 

2,700  to 
2,800 

Total. 

64-61; 

6< 

I 
I 

2 

1 

2 

3 

3 
8 

66 

67 

2 

1 
2 

14 
7 
4 

13 
2 

3 

5 
2 

11 
12 
16 
18 

IS 
4 

2 

68 

2 

2 
2 
I 
2 

5 
24 

38 
32 
27 

47 
8 

60 

I 

2 

5 

1 
1 

3 

1 
2 
2 

1 

5 
4 

5 
1 
10 
1 
1 

2 

I 

70 

71 

72 

7-2 

3 

74 

7c 

1 

5 
2 

76 

77-78 

I | 

1             1 

Total 

a               n   !         !■? 

12 

5° 

85 

27 

3 

202 

" 

r*=o.l524±o.0464. 
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Table  XX. — Correlation  coefficients  for  yield  of  flour  and  loaf  volume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of  correla- 
tion. 

Commercial  varieties: 

99 

34 

202 

9i 
29 

43 

56 
48 

—  O.  0900  ±0.  0672 

•  I425±   .  1133 

•  15241b   .  0464 

-  -o53o±  .0705 

—  •  i440±  .  1227 

•  3392±  -0910 

-  •  392Q±  .  0763 
.  1283  ±  .0958 

Minnesota  winter  wheats 

Pure  strains: 

North  Dakota  spring  wheats 

Minnesota  spring  wheats 

GUADIN   AND   LOAF    VOLUME; 

As  already  stated,  the  gliadin  content  has  been  suggested  as  a  factor 
determining  strength  in  wheat  flour.  In  Table  XXI  are  given  data  indi- 
cating the  relationship  between  gliadin  and  strength  as  measured  by  loaf 
volume.  The  correlation  for  the  North  Dakota  wheats,  commercial  va- 
rieties, is  again  negative,  that  for  the  Colorado  is  positive,  but  both  are 
hardly  significant  as  their  value  is  less  than  three  times  their  probable 
error.  The  remaining  correlations  are  positive  and  some  of  them  very 
high,  ranging  from  0.38 15  ±0.0960  for  the  Kansas  wheats  to  0.7455  ± 
0.0598  for  the  North  Dakota  spring  wheats,  pure  strains. 

Table  XXI. — Correlation  coefficients  for  gliadin  and  loaf  volume 


Kind  of  wheat. 

Number  of 
samples. 

Coefficient  of  correla- 
tion. 

Commercial  varieties: 

"3 
48 
36 

16 

25 

—  O.  I7l8±o.  0616 
.03o8±  .0973 
.  38l5±  .0960 

•  6304±  .  1017 
•7455±  -0598 

Pure  strains: 

DRY   GLUTEN   AND   GLJADIN 


Gliadin  is  one  of  the  constituents  of  gluten,  and  a  close  association 
between  these  two  values  is  to  be  expected.  The  data  in  Tables  XXII 
and  XXIII  are  rather  meager  and  indicate  a  positive  correlation,  the 
coefficients  ranging  from  0.3941  ±0.1058  for  the  Ohio  wheats,  which  is 
rather  low,  to  0.9352 ±0.0212  for  the  Ontario  wheats. 
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Table  XXII. — Correlation  between  dry  gluten  and  gliadin  content  of  North  Dakota 

spring  wheats  of  commercial  varieties 


Dry  gluten  (per 
cent). 

Gliadin  (per  cent). 

To- 
tal. 

4.00  to 
4-5° 

4.50 

5.00 

5-5° 

6.00 

6.50 

7.00 

7.50  |  8.00 

8.  so 

9.00  to 

9SO 

i 

0  CO     

I 

I 

I 

I 

1 

12  OO 

1  !     * 

2 

12. CO  

2 

2 

T-I.OO      

I 

I                2 

4 

4 

11. CO 

I 

I 

2 

. .    .  . 

1A.   KO 

I 

I 

2 
3 

4 
3 

5 
3 

1 

I 

I 

3 

I 
2 

I 
I 

I 

2 

I 

1 

1 

1 

l8.CO 

I 

1 

1 

1 

Total 

I 

2          2   1        e 

7 

8 

4 

4 

3 

36 

r  =  o.6i07±.0704. 


Table  XXIII. — Correlation  coefficients  for  dry  gluten  and  gliadin  content 


Kind  of  wheat 

Number  of 
samples. 

Coefficient  of  correla- 
tion. 

Commercial  varieties: 

North  Dakota  spring  wheats 

36 
29 

16 

O.  6107 ±0.  0704 

•  394i±  •  1058 

•  9352i  •  0212 

Ohio  winter  wheats 

Pure  strains: 

Ontario  spring  wheats 

DRY    GLUTEN   AND   WATER   ABSORPTION 


Since  high  gluten  content  and  water  absorption  are  generally  asso- 
ciated with  high  baking  strength  as  measured  by  loaf  volume  (Tables 
XIII,  XIV,  XVII,  and  XVIII)  one  might  expect  some  relationship 
between  dry  gluten  content  and  water  absorption. 
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Table  XXIV. — Correlation  between  dry  gluten  content  and  water  absorption  in  Ohio 

winter  wheats  of  commercial  varieties 


Water  absorption  (per  cent). 

Dry  gluten  (per  cent). 

56 
to 
57 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 
to 
69 

To- 
tal. 

6.co  to  7.00 

7.00 

I 

I 
I 
2 
I 

I 

1 

1 
1 
2 

3 
4 
2 

2 
2 

1 
1 
1 

5 
6 

7.eo 

1 

3 

1 

3 

1 

1 
1 

1 

8.oo 

8 

8. co 

2 

1 

I 

9 
11 

o.oo 

2 
2 

5 

1 

1 

1 

1 

10 

7 
5 

IO.CO 

I 



2 

I 

II.  OO 

II. CO 

12. OO 

1 

1 

12. CO 

1 

1 

n.oo  to  I^.CO 

Total 

2 

8        8 

3 

15 

14 

5 

3 

2 

1 

2 

63 

r  =  0.2211  ±0.0808. 

Table  XXV. — Correlation  coefficients  for  dry  gluten  content  and  water  absorption 


Kind  of  wheat. 


Commercial  varieties: 

North  Dakota  spring  wheats 
Ohio  winter  wheats 

Pure  strains: 

Ohio  winter  wheats 


Coefficient  of  cor- 
relation. 


O.  1406  ±0.  1087 
.  22II±  .  0808 

-.  I3IQ±  •  I52° 


The  data  in  Tables  XXIV  and  XXV  do  not  bear  out  this  expecta- 
tion, since  they  indicate  hardly  any  significant  correlation.  An  inter- 
pretation of  these  data  would  lead  to  the  conclusion  that  flours  with 
high  gluten  content  behave  indifferently  in  regard  to  water  absorptive 
capacity.  It  is  only  fair,  however,  to  note  the  small  number  of  samples 
from  which  these  correlation  coefficients  have  been  computed.  Caution 
should  be  exercised  in  interpreting  the  value  of  the  correlation  coeffi- 
cients as  indicated  by  the  probable  errors  in  cases  where  the  number  of 
samples  is  small. 

QUALITY  OF  GLUTEN  AND  LOAF  VOLUME 

Practical  experience  in  the  bakehouse  shows  that  strength  in  wheat 
flour  is  best  reflected  by  the  quality  of  its  gluten.  The  measuring  of 
the  intensity  of  the  association  between  these  two  characters  can  not  be 
effected  by  computing  the  coefficient  of  correlation,  since  one  of  these 
variables,  quality,  can  not  be  numerically  defined  but  is  only  estimated 
in  descriptive  terms.  Accordingly,  as  a  measure  of  the  degree  of  asso- 
ciation between  gluten  quality  and  loaf  volume  the  correlation  ratio, 
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;7,  has  been  computed.     Eight  degrees  of  gluten  quality  have  here  been 
onsidered  ranging  from  very  soft  and  sticky,  dead,  nonelastic  gluten 
very  good,  strong,  very  elastic.     In  Table  XXVI  are  given  the  corre- 
'  ios  for  three  groups  of  wheat. 


TABLE  XXVI. — Correlation  ratio,  n,for  quality  of  gluten  and  loaf  volume 

Kind  of  wheat. 

Number  of 
samples. 

Correlation  ratio. 

Pure  strains: 

31 
16 
16 

0.  74i8±o.  0544 

°.  94781b   .0171 

.  7456+   .  0748 

«  Because  of  its  small  number  of  observations  the  regression  for  this  table  is  not  linear.     The  value  of 
the  coefficient  is  too  high.     The  regression  lines  for  the  other  two  tables  appear  to  be  linear. 

From  these  data  the  very  high  and  consistent  relationship  between 
gluten  quality  and  loaf  volume  will  be  noted.  Notwithstanding  the 
paucity  of  data  and  the  fact  that  the  constant  77  generally  has  a  some- 
what greater  value  for  the  same  data  than  the  coefficient  of  correlation, 
it  is  safe  to  conclude  that  loaf  volume  is  more  closely  associated  with 
gluten  quality  than  with  any  other  character  considered.  While  it  is  no 
doubt  true  that  the  character  quality  of  gluten  is  determined  by  estima- 
tion and  hence  may  be  subject  to  variation  due  to  personal  equation, 
yet  the  determinations  of  gluten  quality  made  according  to  a  definite 
standard  in  a  given  laboratory  may  be  regarded  as  fairly  constant. 

DRY  GLUTEN  CONTENT  AND  QUALITY  OF  GLUTEN 

In  considering  the  results  of  a  chemical  analysis  of  flours  from  pure 
lines  of  wheat  grown  in  Aroostook,  the  writer  (18,  p.  37)  noticed  that 
while  high  gluten  content  in  flours  from  pure  wheat  strains  selected  from 
a  given  commercial  variety  was  not  generally  associated  with  good  quality 
of  gluten,  yet  the  flours  from  pure  strains  of  the  same  variety  showing  a 
low  gluten  content  were  generally  also  low  in  gluten  quality.  The  degree 
of  relationship  between  gluten  content  and  gluten  quality  as  measured 
by  the  constant  77  is  given  in  the  data  in  Table  XXVII. 

Table  XXVII. — Correlation  ratio,  rj,for  dry  gluten  content  and  quality  of  gluten 


Kind  of  wheat. 


Pure  strains: 

Maine  spring  wheats 
Ontario  spring  wheats .  .  . 
Wisconsin  winter  wheats 


Number  of 
samples. 


31 
16 
16 


Correlation  ratio. 


O.5994  ±0.07  7  7 

a.  6565 ±    .0958 

•  SI55±    -I237 


*As  in  Table  XXIV,  the  regression  lines  for  the  Ontario  spring  wheats  are  not  linear,  the  value  of  q 
comes  chiefly  from  the  zigzag  nature  of  the  regression  lines  and  not  from  any  true  relationship  between 
the  variables.     The  lines  for  the  Maine  and  Wisconsin  wheats  appear  to  be  linear. 

The  number  of  flour  samples  for  which  these  two  variables  have  been 
determined  is  small,  but  the  data  generally  indicate  a  fairly  high  correla- 
tion between  quantity  and  quality  of  gluten.  This  relationship  accounts 
for  the  frequently  recorded  observation  that  glutenous  wheats  are  strong 
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and  furnish  a  larger  loaf  volume  from  a  unit  of  flour  than  wheats  with  a 
low  gluten  content.  The  relationship  is  by  no  means  perfect,  probably 
because  of  the  fact  that  a  number  of  wheats  with  high  gluten  content 
fail  to  show  good  quality  of  gluten.  In  this  connection  it  should  be  noted 
that  the  relationship  between  these  two  variables  is  to  be  studied  for  pure 
strains  belonging  to  a  given  variety  or  group  of  wheat  and  considered 
within  that  group  since  there  is  some  evidence  indicating  that  certain 
wheat  groups  carry  a  larger  number  of  varieties  or  strains  of  very  high 
gluten  content  of  poor  quality  than  others.  The  durum  and  Preston 
wheats  may  be  cited  as  illustrating  this  point. 

DISCUSSION  OF  RESULTS 

The  relations  considered  in  the  preceding  section  will  now  briefly  be 
considered  from  the  standpoint  of  the  plant  breeder  who  desires  to  make 
use  of  any  correlation  between  a  wheat  character  determinable  at  an 
early  stage  of  the  pure  line  selection  work  and  the  baking  strength  of 
flour. 

Tables  I  to  VI  show  data  expressing  the  relationship  between  the  crude 
protein  in  the  wheat  and  its  constituents,  protein  in  flour,  gluten,  and 
gliadin.  The  correlations  are  very  high  and  consistent,  as  would  be 
expected.  The  correlation  between  crude  protein  content  in  the  wheat 
and  that  in  flour  is  so  high  that,  for  practical  purposes,  the  value  for  the 
protein  content  in  the  flour  may  be  substituted  for  that  in  the  wheat, 
This  would  eliminate  the  necessity  of  securing  a  sample  of  flour  for 
analysis,  which  requires  a  larger  amount  of  grain  and  an  experimental 
mill  to  grind  it,  whereas  for  the  determination  of  crude  protein  in  the 
grain  the  yield  of  a  single  plant  is  sufficient. 

Of  great  interest  are  the  correlations  between  loaf  volume  and  the 
other  chemical  characters.  The  data  given  in  Tables  IX  to  XII  indi- 
cate that  the  relation  between  loaf  volume  and  crude  protein  in  the  wheat 
is  paralleled  by  that  between  loaf  volume  and  protein  in  the  flour,  the 
difference  being  one  of  degree  as  the  relationship  for  the  latter  pair  of 
characters  is  of  greater  intensity  than  that  for  the  former.  Since  the 
correlation  between  loaf  volume  and  protein  in  the  flour  parallels  that 
between  loaf  volume  and  crude  protein  in  the  wheat,  it  would  follow  that, 
again  for  practical  purposes,  it  may  be  sufficient  to  consider  the  crude 
protein  in  the  wheat  alone  in  relationship  to  strength  of  flour. 

Considering  the  gluten  content  and  loaf  volume,  the  data  in  Tables 
XIII  and  XIV,  which  are  rather  scant,  indicate  a  very  high,  positive  cor- 
relation between  these  two  variables.  Gliadin,  which  is  one  of  the  con- 
stituents of  gluten  and  closely  correlated  with  it  (Tables  XII  and  XXIII), 
generally  bears  a  close  relation  to  loaf  volume  (Table  XXI) . 

Finally,  considering  the  quality  of  gluten  and  loaf  volume,  it  will  be 
seen  from  Tables  XXVI  and  XXVII  that  loaf  volume  is  more  closely 
correlated  with  gluten  quality  than  with  any  other  character  under  con- 
sideration. 

From  this  brief  consideration  of  the  more  important  correlations  it 
should  be  clear  that  as  far  as  strength  of  flour  is  concerned  gluten  content 
and  gluten  quality  show  the  highest  degree  of  association  with  loaf  volume. 
If  these  correlations  are  accepted  as  a  working  basis,  the  problem  of  find- 
ing a  practical  index  of  strength  of  flour  is  reduced  to  the  task  of  deter- 
mining the  gluten  content  and  gluten  quality.  In  order  to  determine 
these  two  values  a  certain  amount  of  flour  is  required.     This  is  not  avail- 
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able  until  after  the  propagation  of  the  pure  strains  of  wheat  has  reached 
a  certain  stage.  In  order  to  judge  the  gluten  quality,  when  only  a  very 
small  sample  of  grain  is  available,  say  the  yield  of  a  single  plant,  or  even 
of  a  spike,  use  may  be  made  of  a  rather  crude  but  fairly  accurate  method, 
the  chewing  test.  The  chewing  test  gives  also  some  approximate  idea  as 
to  gluten  content.  The  gluten  content  well  reflects,  in  fact,  parallels  the 
crude  protein  content  in  the  wheat.  Furthermore,  both  the  gluten  con- 
tent and  crude  protein  content  are  highly  correlated  with  loaf  volume. 
From  this  it  would  follow  that  the  crude  protein  content  in  the  wheat 
may,  for  practical  purposes,  be  substituted  for  gluten  content.  Thus 
the  crude  protein  content  in  the  wheat  and  the  chewing  test  may  be  ac- 
cepted as  a  practical  working  index  of  strength  in  wheat  in  the  early  stages 
of  the  selection  work  when  the  plant  breeder  is  confronted  with  the  task 
of  deciding  which  of  the  numerous  strains  to  retain  and  which  to  discard. 
The  information  afforded  by  this  index  may  further  be  supplemented  bv 
examining  the  grain  for  color  and  hardness. 

The  determination  of  the  crude  protein  content  in  the  grain  of  a  given 
strain  gains  in  importance  and  value  in  view  of  the  accumulating  evidence 
which  indicates  that  while  the  absolute  amount  of  protein  in  wheat  may 
be  influenced  by  environment,  yet  the  protein  content  of  wheat  is  a 
varietal  characteristic,  and  moreover,  that  there  is  a  tendency  for  the 
different  varieties  and  strains  to  retain  their  relative  rank  with  respect  to 
protein  content  from  one  year  to  the  next  (18). 

SUMMARY 

The  present  paper  is  the  result  of  a  study  of  the  relationship  of  the 
different  characters  of  wheat  based  upon  published  data  obtained  from 
analysis  of  a  number  of  American  wheats. 

Subject  to  the  limitations  of  the  material  which  have  been  pointed  out 
in  this  paper,  the  following  conclusions  may  be  drawn  from  the  data 
herein  presented : 

Crude  protein  content  in  the  wheat  is  very  closely  and  consistently 
correlated  with  protein  in  flour,  dry  gluten,  and  gliadin. 

There  appears  to  be  practically  no  relation  between  crude  protein 
content  in  the  wheat  and  flour  yield. 

There  is,  with  some  notable  exceptions,  a  high  positive  correlation 
between  the  crude  protein  in  the  wheat  and  strength  of  flour  as  determined 
by  the  loaf  volume. 

There  is  generally  even  a  higher,  positive  correlation  between  protein 
in  the  flour  and  loaf  volume. 

The  gluten  content  of  the  flour  is  very  closely  correlated  with  loaf 
volume.  The  intensity  of  association  between  these  two  variables 
appears  to  be  greater  than  that  for  protein  in  flour  and  loaf  volume. 

There  is  generally  a  high,  positive  correlation  between  wet  gluten 
content  and  loaf  volume. 

There  is,  with  some  exceptions,  a  positive,  fairly  high  correlation 
between  water  absorption  of  the  dough  and  loaf  volume. 

In  normal,  sound  wheat  there  is  apparently  no  significant  correlation 
between  flour  yield  and  loaf  volume. 

Excepting  the  data  for  a  few  wheat  groups,  there  is  a  positive  and,  for 
some  wheat  groups,  a  very  high  correlation  between  gliadin  content  and 
loaf  volume. 

Dry  gluten  content  is  generally  highly  correlated  with  gliadin  content. 
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^fFrom  the  scant  data  for  dry  gluten  content  and  water  absorption  it 
would  seem  that  there  is  no  significant  correlation  between  these  two 
variables,  which  is  contrary  to  expectation. 

Loaf  volume  is  more  closely  associated  with  gluten  quality  as  indicated 
by  the  correlation  ratio  than  with  any  other  character  considered. 

There  appears  to  be  a  fairly  high  correlation  between  the  content  and 
quality  of  gluten. 
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APLASTOMORPHA  VANDINEI  TUCKER,  AN  IMPORTANT 
PARASITE  OF  SITOPHILUS  ORYZA  L.1 

By  Richard   T.    Cotton,    Scientific   Assistant,  Stored- Product  Insect  Investigations, 
Bureau  of  Entomology,  United  States  Department  of  Agriculture 

INTRODUCTION 

The  most  effective  insect  enemy  of  the  rice  weevil,  Sitophilus  oryza  L., 
in  the  United  States  is  the  chalcid  Aplastomorplia  vandinei  Tucker. 

While  engaged  in  studying  the  biology  of  the  rice  weevil  at  Orlando, 
Fla.,  during  the  years  1920  and  192 1,  the  writer  made  the  following 
observations  on  the  life  history  and  habits  of  this  parasite. 

ORIGIN  AND  DISTRIBUTION 

Although  originally  described  as  from  Texas,  the  native  home  of  this 
chalcid  is  unknown.  It  is  now  cosmopolitan  in  its  distribution,  prob- 
ably occurring  wherever  corn  is  used. 

HISTORY  AND  SYNONYMY 

The  earliest  definite  reference  to  this  species  in  literature  appeared 
in  1899,  when  Chittenden  (2)*  recorded  it  as  parasitic  on  Bruchus  quadri- 
maculatus Fab.  under  the  name  of  A palastomorpha  prattii  Ashm.  MSS. 

No  description  of  this  species  was  published,  however,  until  19 10,  when 
Tucker  (10)  described  it  under  the  name  of  Meraporus  vandinei  from 
Piano,  Tex. 

In  19 13  the  same  species  was  described  by  Crawford  (3)  as  Aplasto- 
morplia pratti,  the  manuscript  name  previously  given  by  Ashmead  to 
individuals  of  this  species  bred  in  Washington,  D.  C,  from  Bruchus 
quadrimaculatus  Fab.  Crawford's  description  was  based  on  specimens 
collected  in  Dallas,  Tex.,  by  W.  D.  Hunter. 

Later  in  the  same  year  the  species  was  again  described,  this  time  by 
Girault  (5),  under  the  name  Neocatolaccus  australiensis,  from  material 
reared  in  Australia. 

In  19 1 5  Girault  (<5)  placed  his  species  australiensis  in  the  genus  Aplas- 
tomorpha  Crawford  and  in  1917  (7)  reduced  Aplastomorplia  pratti  Craw., 
A.  australiensis  Gir.,  and  Meraporus  vandinei  Tucker  to  synonymy  with 
Neocatolaccus  vandinei  Tucker. 

Finally  Gahan  (4)  in  1920  recognized  Aplastomorplia  vandinei  Tucker 
as  the  correct  name  of  the  species. 

ECONOMIC  IMPORTANCE 

Apia stomot pha  vandinei  is  of  chief  economic  importance  as  a  parasite 
of  the  grain  weevils  Sitophilus  oryza  and  5.  granarius  L.  It  has  also  been 
reported  as  parasitic  on  several  other  insects  of  economic  importance — 
that  is,  on  the  4-spotted  bean  weevil,  Bruchus  quadrimaculatus,  by  Chit- 
tenden (2),  on  the  cigarette  beetle,  Lasioderma  serricorne  Fab.,  by  Runner 
(9)  and  Bodkin  (i),  on  Pachymerus  sp.  by  Girault  (8),  and  on  the  "grain 
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moth"  and  miscellaneous  forest  galls  by  Girault  (5).  The  writer  has 
bred  it  from  Sitophilus  oryza,  S.  granarius,  and  also  from  the  broad-nosed 
grain  weevil,  Caulophilus  latinasus  Say. 

DESCRIPTION  OF  THE  SPECIES 

The  female  (PI.  1,  A)  is  normally  about  2  mm.  in  length,  of  characteris- 
tic chalcid  form,  dark  metallic  green  in  color,  with  yellow  legs.  The 
male  (PI.  1,  G)  is  somewhat  smaller  and  differs  from  the  female  in  having 
the  abdomen  brown,  with  a  large  yellowish  white  spot.  Both  sexes  vary 
considerably  in  size. 

TECHNICAL  DESCRIPTION  (10) 

Female  Head  and  thorax  dark  greenish,  clothed  with  thin  and  fine  silvery  pubes- 
cence, a  thick  linear  patch  on  each  side  of  the  metathorax;  abdomen  smooth,  shining 
greenish,  thinly  pubescent  on  apical  segments,  venter  deeply  keeled;  head  transverse, 
somewhat  wider  than  thorax,  finely  reticulated  rather  than  punctured  on  occiput, 
front  and  cheeks  with  convergent  striae  at  oral  margin  of  middle  of  face;  front  above 
insertion  of  antennae  hollowed  for  reception  of  scapes;  mouth-parts  ferruginous,  each 
mandible  with  four  denticles;  antennae  about  as  long  as  thorax,  scape  dull  reddish; 
flagellum  dull  reddish  beneath,  darker  above,  with  fine  silvery  pubescence;  pedicel 
about  twice  the  length  of  the  three  ring  joints  together,  but  scarcely  longer  than  the 
first  funicle  joint,  which  appears  distinctly  longer  than  wide,  second  and  third  funicle 
joints  slightly  longer  than  wide,  fourth  and  fifth  quadrate;  club  expanded  at  junction 
of  first  and  second  joints,  the  third  forming  a  small  conical  tip.  Anterior  ocellus  situ- 
ated but  little  in  advance  of  a  median  point  between  the  posterior  ones. 

Thorax  with  fine  shallow  thimble-pitted  punctures,  contiguous  and  distinctly 
larger  than  on  head;  length  of  thorax  scarcely  exceeds  the  width,  parapsidal  furrows 
very  faint  only  on  anterior  half  of  mesonotum.  Metathorax  very  finely  punctured, 
with  a  median  longitudinal  carina;  metathoracic  neck  very  short,  smooth;  lateral  folds 
indicated  by  basal  foveolae  only,  spiracles  very  small,  broadly  oval;  spiracular  sulci 
very  deep  and  distinct. 

Tegulee  fulvous;  wing-veins  yellow,  ciliate,  stigmal  vein  shorter  than  marginal  or 
postmarginal  by  about  one-fourth  the  length,  legs  yellow,  excepting  the  coxae,  femora 
in  greater  part  between  the  base  and  apex,  and  last  tarsal  joint  outwardly,  which  are 
dark  brown  or  fuliginous.  Tibiae  of  middle  and  posterior  legs  little  longer  than  femora 
or  tarsi,  which  are  about  equal  in  length,  but  no  noticeable  difference  in  these  respects 
with  fore  legs.  Comparatively  the  fore  legs  are  shorter  than  the  others.  [Length 
ranges  from  1.25  mm.  to  2  mm.] 

Male:  Antennae  with  larger  microscopical  pits  than  female;  the  first  and  second  ring 
joints  very  small  and  compressed,  the  third  appears  as  the  first  joint  of  the  funicle, 
but  is  smaller  and  shorter  than  the  true  funicular  joints.  Abdomen  hardly  as  long,  or 
at  most  not  longer  than  thorax,  almost  flattened  above,  not  deeply  keeled  ventrally, 
widest  near  apex,  and  with  a  dorsal  fulvous  area  near  base  expanding  to  the  lateral 
edges;  otherwise  agreeing  with  female.     [Length  ranges  from  1  mm.  to  1.5  mm.] 

METHODS   USED    IN   STUDY  OF   PARASITES 

The  immature  stages  of  the  rice  weevil,  Sitophilus  oryza,  which  served 
as  a  host  for  the  parasite  in  this  study,  are  passed  entirely  concealed 
within  the  seeds  of  some  of  our  common  grains;  hence  of  necessity  the 
immature  stages  of  the  attacking  parasite  are  also  concealed  from  sight 
within  the  recesses  of  the  grain  that  harbors  the  weevil.  In  order  to 
observe  the  method  of  attack  and  the  subsequent  development  of  the 
parasite  the  following  method  was  devised:  Larvse  of  the  rice  weevil 
were  placed  singly  in  small  gelatin  capsules,  a  small  piece  of  absorbent 
cotton  being  packed  in  behind  them  to  hold  them  in  place.  The  cap- 
sules thus  loaded  were  then  placed  in  glass  vials  containing  parasites. 

The  parasites  in  every  instance  accepted  the  loaded  capsules  in  lieu 
of  infested  grain,  located  the  weevil  larvae,  pierced  the  shell  of  the  cap- 
sules with  their  slender  ovipositors,  stung  the  larvae  into  quiescence, 
and  deposited  their  eggs. 
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Since  the  gelatin  capsules  were  transparent,  every  phase  of  the  attack 
and  oviposition  was  clearly  visible.  After  oviposition  had  taken  place 
the  capsules  were  removed  and  kept  for  observation.  The  eggs  hatched 
and  the  young  parasitic  grubs  developed  to  maturity  in  a  perfectly 
normal  manner,  all  changes  being  readily  observed. 

In  addition  to  being  able  to  observe  the  development  of  the  parasites 
it  was  a  simple  matter  to  count  the  number  of  eggs  deposited  daily  by 
individual  parasites. 

It  was  found  that  by  pricking  small  holes  through  the  shell  of  the 
capsules  in  the  vicinity  of  the  enclosed  larvae,  the  parasites  would  avail 
themselves  of  the  holes  to  attack  the  larvae  and  deposit  eggs  instead  of 
going  to  the  trouble  of  boring  through  the  gelatin. 

The  parasites  were  fed  on  a  sirup  made  from  sugar  and  water. 

LIFE  HISTORY  OF  PARASITE 

COPULATION 

Copulation  normally  takes  place  shortly  after  emergence.  Sex  attrac- 
tion is  weak,  the  male  showing  no  evidence  of  interest  except  when  in 
close  proximity  to  the  female.  In  captivity  the  female  more  often  seeks 
the  male  at  first,  moving  around  in  the  proximity  of  the  male  and  stop- 
ping to  preen  her  wings  and  body.  After  becoming  conscious  of  her 
presence  the  male  evinces  signs  of  excitement,  follows  her  about,  and 
springs  to  her  back.  He  then  caresses  antennae  with  her  for  a  brief 
period  before  copulating.  In  the  act  of  copulation  the  female  tilts  her 
abdomen,  and  the  abdomen  of  the  male  is  curved  down  at  one  side  of 
or  directly  over  the  end  of  the  abdomen  of  the  female  while  he  clings  to 
her  wings  and  body.     Copulation  lasts  for  from  5  to  35  seconds. 

OVIPOSITION 

Oviposition  usually  begins  on  the  first  or  second  day  after  the  emer- 
gence of  the  female,  although  it  may  begin  the  day  of  emergence.  The 
stage  of  the  host  attacked  is  apparently  of  no  great  moment  as  long  as 
it  is  large  enough  to  permit  the  parasitic  grub  to  develop  to  maturity. 
The  fourth  larval,  prepupal,  and  pupal  stages  are  all  attacked,  though 
the  preference  seems  to  lie  with  the  larval  stage. 

The  female  parasite  crawls  around  over  the  infested  grain,  exploring 
carefully  the  surface  of  the  grain  with  the  tips  of  her  antennae.  Possibly 
the  movements  of  the  feeding  weevil  grub  are  detected  by  the  sensitive 
tips  of  the  antennae;  at  any  rate,  the  position  of  the  grub  is  soon  located. 
The  ovipositor  is  brought  into  position  with  the  tip  of  the  abdomen, 
thrust  through  the  shell  of  the  grain,  and  plunged  into  the  weevil  grub. 
The  ovipositor  is  apparently  whipped  around  just  under  the  skin  until 
the  grub  is  reduced  to  a  paralyzed  or  quiescent  state.  The  ovipositor 
is  then  withdrawn.  It  is  again  thrust  through  the  shell  of  the  grain  and 
an  egg  is  deposited  on  the  exterior  of  the  grub  or  in  close  proximity  to  it. 

Only  one  egg  is  deposited  at  a  time  and  usually  but  one  egg  is  deposited 
with  each  larva  or  pupa  attacked.  With  the  parasites  under  observation 
it  was  not  uncommon  for  two,  three,  four,  or  even  more  eggs  to  be  de- 
posited on  one  larva,  but  this  was  probably  due  in  part  to  the  effects  of 
confinement  and  the  limited  supply  of  host  material. 

When  several  eggs  are  deposited  on  a  single  host  grub  it  is  rarely  that 
more  than  one  parasite  reaches  maturity;  the  writer  has,  however, 
observed  a  few  instances  where  two  parasites  were  reared  on  the  same 
host. 
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OVIPOSITION   PERIOD 

The  oviposition  period  extends  over  the  greater  part  of  the  life  of  the 
female  parasite.  Commencing  a  day  or  two  after  emergence  it  lasts  to 
within  a  week  or  two  before  death.  The  longest  oviposition  period  re- 
corded was  73  days,  from  December  4,  1920,  to  February  14,  192 1,  the 
shortest  39  days,  from  August  2,  1920,  to  September  9,  1920. 

Eggs  are  laid  at  the  rate  of  from  1  to  12  a  day,  depending  upon  the 
temperature.  During  the  summer  months  the  oviposition  rate  is  high, 
but  in  winter  the  rate  decreases  to  1  or  2  a  day.  On  the  colder  days 
oviposition  ceases  entirely. 

NUMBER   OF   EGGS  LAID 

The  greatest  number  of  eggs  laid  by  a  single  female  was  283.  These 
were  laid  in  the  months  of  August  and  September,  1920,  over  a  period 
of  43  days.  The  lowest  number  recorded  was  51.  These  were  laid  dur- 
ing the  months  of  December,  1920,  and  January  and  February,  192 1,  over 
a  period  of  73  days.  In  general  more  eggs  are  laid  by  the  summer  gener- 
ations of  parasites  than  by  those  of  winter. 

Table  I  contains  data  concerning  the  oviposition  period,  the  number  of 
eggs  laid,  longevity,  etc. 

Table  I. — Data  concerning  oviposition  and  longevity  of  Aplastomorpha  vandinei  at 

Orlando,  Fla.,  1920-21 


No. 

Date  para- 
site, 
emerged. 

Date  first 

egg  was 

laid. 

Length  of 
preovi- 
position 
period. 

Date  last 

egg  was 

laid. 

Length  of 

ovi- 
position 
period. 

Number 

of  eggs 

laid. 

Date  of 
death. 

Length  of 
life. 

Days. 

Days. 

Days. 

1 

July    28 

July    29 

I 

Sept.     9 

43 

283 

Sept.    IO 

45 

2 

July    29 

July    30 

I 

Sept.  21 

54 

258 

Oct.     11 

75 

»3 

Aug.    1 1 

Aug.    11 

H 

Sept.  29 

50 

157 

Nov.      8 

90 

4 

Aug.    17 

Aug.    18 

1 

Oct.     24 

68 

236 

Nov.      4 

80 

5 

...do 

...do 

1 

Oct.     27 

7i 

239 

Nov.      1 

77 

6     Aug.    20 

Aug.    21 

1 

Oct.     30 

7i 

279 

Nov.    12 

85 

7 

Oct.     15 

Oct.     17 

2 

Dec.    22 

67 

93 

Jan.     10 

88 

8 

Nov.      1 

Nov.     3 

2 

Jan.     12 

7i 

52 

Jan.     21 

82 

0 

Nov.    21 

Nov.    26 

5 

Feb.      5 

72 

79 

Feb.    15 

87 

10 

Dec.      2 

Dec.      4 

2 

Feb.    14 

73 

Si 

...do 

76 

1  Unfertilized  female. 


THE  EGG 


The  egg  (PI.  i,  F)  is  opaque  shining  white,  the  surface  somewhat  roughened  with 
minute  raised  spots;  it  varies  considerably  in  shape  but  is  usually  somewhat  spindle- 
shaped,  with  one  end  thicker  and  more  rounded  than  the  other.  Length  0.46  to 
0.5  mm.,  width  0.14  to  0.16  mm. 

INCUBATION   PERIOD 

The  egg  hatches  in  from  1%  to  2  days  during  the  warm  months  of  the 
year,  but  in  winter  the  incubation  period  is  lengthened  to  as  many  as  5 
days. 

The  developing  embryo  may  be  seen  near  the  center  of  the  egg  as  a 
cloudy  white  oval  body.  As  the  embryo  develops  the  contents  of  the 
egg  draw  away  from  the  two  ends  of  the  tough  chorion,  which  shrivels 
and  wrinkles.  In  the  process  of  hatching,  the  chorion  is  ruptured  at  the 
broad  end  of  the  egg  and  the  young  larva  emerges. 
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LARVA   STAGE 

The  newly  emerged  larva  is  about  0.5  mm.  long  and  0.20  mm.  wide.  It  is  a  footless, 
fleshy  grub,  widest  at  the  head  and  thorax  and  tapering  caudad.  It  is  transparent, 
smooth,  and  shining;  body  composed  of  13  segments  besides  the  head;  head  provided 
with  a  pair  of  slender  chitinized  mandibles  (PI.  1,  B)  0.019  ^o  0.02  mm.  in  length. 

If  the  egg  is  not  attached  to  the  host,  the  larva  on  hatching  begins  at 
once  to  seek  for  food,  moving  toward  the  host  grub  with  an  undulating 
movement  of  the  body  segments.  Upon  reaching  its  host  the  larva 
wanders  about  for  a  while  over  the  grub  but  soon  settles  down  to  feed. 
It  will  feed  on  almost  any  part  of  the  host. 

The  parasitic  grub  feeds  rapidly  and  in  summer  becomes  full  grown  in 
from  3  to  5  days.  During  cold  weather  the  larval  period  is  somewhat 
prolonged.  Table  II  will  give  an  idea  of  the  variation  in  the  length  of 
this  period  at  various  times  of  the  year. 

Table  II. — Life-history  data  on  Aplastomorpha  vandinei 


No. 

Date 
laid 

egg 

Date  egg 
hatched. 

Length  of 
egg  stage. 

Date 
pupated. 

Length  of 
larval 
stage. 

Date  adult 
emerged. 

Length 

of  pupal 

stage. 

Period 
from  egg 
to  adult. 

Days. 

Days. 

Days. 

Days. 

I 

July 

27 

July 

29 

2 

Aug. 

3 

5 

Aug. 

11 

8 

IS 

2 

Aug. 

3 

Aug. 

5 

2 

Aug. 

10 

5 

Aug. 

17 

7 

14 

3 

Aug. 

5 

Aug. 

7 

2 

Aug. 

12 

5 

Aug. 

19 

7 

14 

4 

Aug. 

5 

Aug. 

1 

2 

Aug. 

n 

4 

Aug. 

18 

/ 

13 

5 

Aug. 

6 

Aug. 

8 

2 

Aug. 

12 

4 

Aug. 

18 

6 

12 

6 

Aug. 

13 

Aug. 

15 

2 

Aug. 

18 

3 

Aug. 

24 

6 

II 

7 

Aug. 

13 

Aug. 

IS 

2 

Aug. 

18 

3 

Aug. 

25 

7 

12 

8 

Aug. 

14 

Aug. 

16 

2 

Aug. 

20 

4 

Aug. 

37 

7 

13 

9 

Aug. 

IS 

Aug. 

17 

2 

Aug. 

21 

4 

Aug. 

38 

7 

13 

10 

Aug. 

22 

Aug. 

24 

2 

Aug. 

27 

3 

Sept. 

3 

7 

12 

Oct. 

19 

Oct. 

21 

1  2 

Oct. 

26 

l4 

Nov. 

9 

J7 

*I3 

n 

2 

5 

14 

21 

12 

Oct. 

20 

Oct. 

23 

3 

Oct. 

28 

s 

Nov. 

10 

13 

21 

13 

Oct. 

21 

Oct. 

23 

2 

Oct. 

28 

5 

Nov. 

11 

14 

21 

14 

Oct. 

26 

Oct. 

28 

2 

Nov. 

8 

11 

Nov. 

23 

15 

28 

IS 

Oct. 

28 

Oct. 

3° 

2 

Nov. 

8 

9 

Nov. 

27 

19 

3° 

16 

Nov. 

2 

Nov. 

4 

2 

Nov. 

12 

8 

Dec. 

7 

2S 

35 

17 

Nov. 

6 

Nov. 

8 

2 

Nov. 

18 

10 

Dec. 

12 

24 

36 

18 

Nov. 

9 

Nov. 

11 

2 

Nov. 

23 

12 

Dec. 

28 

35 

49 

19 

Nov. 

23 

Nov. 

25 

2 

Dec. 

13 

18 

Jan. 

8 

26   ' 

46 

30 

Nov. 

30 

Dec. 

5 

,5 

Dec. 

22 

17 

Jan. 

19 

28 

5° 

Dec. 

2 

Dec. 

6 

2  2.  4 

Dec. 

23 

2  10 

Jan. 

23 

2  21.3 

2  33- 7 

31 

4 

17 

3i 

52 

33 

Dec. 

4 

Dec. 

8 

4 

Dec. 

23 

IS 

Jan. 

13 

21 

40 

*3 

Dec. 

5 

Dec. 

9 

4 

Dec. 

27 

18 

Jan. 

19 

23 

45 

34 

Dec. 

7 

Dec. 

11 

4 

Dec. 

27 

16 

Jan. 

20 

24 

44 

25 

Dec. 

8 

Dec. 

12 

4 

Dec. 

28 

16 

Jan. 

22 

25 

45 

36 

Jan. 

3 

Jan. 

8 

5 

Jan. 

21 

13 

Feb. 

17 

27 

45 

27 

Jan. 

5 

Jan. 

9 

4 

Jan. 

27 

18 

Feb. 

20 

24 

46 

28 

Jan. 

13 

Jan. 

17 

4 

Feb. 

3 

17 

Feb. 

20 

17 

38 

39 

Jan. 

14 

Jan. 

18 

4 

Feb. 

5 

18 

Feb. 

20 

15 

37 

30 

Jan. 

19 

Jan. 

23 

4 

'4 

Feb. 

10 

18 
3  16.6 

Feb. 

37 

a17 
■  22.  4 

39 
3  43- 1 

1  Summer  average. 


'  Fall  average. 


•  Winter  average. 
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DESCRIPTION   OF   LARVA 

The  full-grown  larva  (PI.  i,  D)  is  of  typical  chalcid  form;  widest  at  the  middle,  it 
tapers  both  cephalad  and  caudad;  smooth  and  shining  in  appearance,  white  in  color 
but  muddy-looking  from  the  contents  of  the  alimentary  canal,  which  is  greatly  dis- 
tended and  appears  nearly  to  fill  the  body  cavity.  The  head  is  fairly  prominent,  bear- 
ing two  tubercules  and  several  small  setae,  mouth-parts  consisting  mainly  of  two 
chitinized  mandibles  (PI.  1,  C)  0.053  to  0.057  mm.  in  length;  mesothoracic,  meta- 
thoracic,  and  first  7  abdominal  segments  bearing  a  pair  of  spiracles.  The  thoracic 
segments  are  provided  with  4  setae  on  each  side.  Abdominal  segments  1  to  9,  in- 
clusive, have  a  subdorsal  and  a  sublateral  row  of  setae  on  each  side,  1  seta  per  segment 
in  each  row.  The  anal  segment  has  a  dorsal  and  ventral  lobe,  dorsal  lobe  has  4  setae, 
and  ventral  lobe  has  2  setae.     Length  2.7  to  3.0  mm.,  width  1.0  to  1.2  mm. 

PREPUPAL   STAGE 

When  full-grown  the  larva  voids  the  entire  contents  of  the  alimentary- 
tract.  It  becomes  strikingly  white  in  color  and  assumes  a  quiescent  or 
prepupal  stage.  This  stage  normally  lasts  but  a  few  hours,  when  the 
true  pupal  form  is  assumed. 

PUPA 

The  pupa  (PI.  1,  E),  is  at  first  perfectly  white  in  color  but  soon  turns  to  a  pale 
yellowish  brown,  the  eyes  and  ocelli  turning  reddish,  and  the  mandibles  brown. 
As  the  pupa  gets  older  the  eyes  turn  a  darker  red,  and  the  thorax  becomes  dark  in 
color  followed  by  the  head.  Finally  the  abdomen  of  the  male  becomes  banded  with 
black  and  that  of  the  female  entirely  black.  The  sexes  may  be  readily  distinguished 
in  this  stage  by  the  difference  in  size,  the  females  being  considerably  larger  than 
the  males.  Male:  Length  1.45  to  2.0  mm.,  width  0.61  to  0.79  mm.  Female:  Length 
2.2  to  2.4  mm.,  width  0.90  to  1.0  mm. 

The  pupal  stage  lasts  for  a  period  of  from  6  to  7  days.  The  males 
usually  emerge  in  6  days,  while  the  females  take  7.  In  winter  the  pupal 
stage  is  considerably  prolonged,  sometimes  as  long  as  30  days. 

HABITS  OF  ADULTS 

In  order  to  test  the  effect  of  light  and  darkness  on  the  activity  of  the 
parasites,  experiments  were  conducted  in  which  corn  infested  with  Sito- 
philus  oryza  was  placed  in  containers  from  which  the  light  was  excluded. 
It  was  so  arranged  that  the  parasites  could  leave  the  lighted  tubes  in 
which  they  were  placed  and  enter  the  dark  containers  at  will. 

It  was  found  that  the  parasites  would  enter  the  darkened  containers 
in  search  of  their  prey  without  any  hesitation,  so  that  we  may  assume 
that  their  beneficial  work  will  be  carried  on  equally  as  well  whether  the 
corn  is  stored  in  the  light  or  the  dark. 

Female  parasites  were  frequently  observed  to  feed  on  the  body  juices 
of  the  weevil  grubs.  After  jabbing  the  grubs  with  their  ovipositors 
they  lap  up  the  exuding  juices. 

PARTHENOGENESIS 

Unfertilized  females  kept  under  observation  laid  fertile  eggs  which 
invariably  developed  into  males.  These  females  lived  as  long  as  the 
average  fertilized  ones  or  longer  but  laid  only  about  half  as  many  eggs. 

NUMBER   OF    MALES  AND   FEMALES 

Males  are  apparently  more  abundant  than  females.  Of  reared  speci- 
mens 60  per  cent  were  males. 
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LONGEVITY 

The  average  female  parasite  in  captivity  lived  for  about  82  days.  This 
period  is  considerably  longer  than  the  life  of  the  male,  which  averaged 
47  days. 

One  female  parasite  that  was  not  allowed  to  deposit  eggs  but  was  fed 
on  sugar  and  water  lived  from  August  19  to  December  4,  1920,  a  period 
of  107  days. 

Parasites  confined  without  food  and  without  weevil  grubs  lived  for 
only  a  few  days;  males  so  confined  died  by  the  end  of  the  sixth  day  and 
females  by  the  ninth. 

COMPARISON  OF  LIFE-HISTORY  STATISTICS  WITH   THOSE    OF  SITO- 

PHILUS  ORYZA 

With  an  average  length  of  life  about  half  that  of  the  rice  weevil,  this 
parasite  lays  fully  as  many  eggs  per  day  and  completes  its  life  cycle  in  a 
little  less  than  half  the  time  taken  by  the  rice  weevil. 

A  smaller  percentage  of  females  is  produced  by  the  parasite,  however, 
and  several  eggs  of  the  parasite  may  be  wasted  on  one  host  grub,  so  that 
the  rate  of  multiplication  is  below  that  of  the  rice  weevil  and  a  complete 
control  is  not  obtained. 

Table  III  gives  a  comparison  of  the  life-history  records  of  the  parasite 
and  the  rice  weevil. 

Table  III. — Life-history   statistics   of  Aplastomorpha  vandinei   and  Sitophilus   oryza 

compared l 


Insect. 

Average 
length 
of  life. 

Average 
length  of 

oviposi- 
tion 

period. 

Average 

number 

of  eggs 

laid. 

Average 
number 

of  eggs 
laid 

daily. 

4 
4 

Males 
emerg- 
ing. 

Females 
emerg- 
ing. 

Length 
of  life 
cycle. 

S.  oryza 

Days. 
ill 

72 

Days. 

93-9 
61 

380 
2  59 

Per  cent. 
48 
60 

Per  cent. 

52 
40 

Days. 

35 

14 

A.  vandinei 

1  Summer  records. 
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PLATE  i 

Aplastomorpha  vandinei 

A. — Adult  female. 

B. — Mandible  of  first-stage  larva. 

C. — Mandible  of  mature  larva. 

D. — Mature  larva. 

E  —  Pupa. 

F.— Egg. 

G—  Male  adult. 
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INHERITANCE  IN  SWINE  » 

By  Edward  N.  Wentwo rth,  2  formerly  Professor  of  Animal  Breeding,  and  Jay  L. 
Lush,8  formerly  Fellow  in  Animal  Breeding,  Kansas  State  Agricultural  College 

The  genetic  studies  on  swine  described  herein  were  begun  on  a  rather 
extensive  scale  at  the  Kansas  Agricultural  Experiment  Station  in  191 4, 
reached  their  maximum  in  the  spring  of  1917,  at  which  time  the  senior 
author  entered  military  service,  and  came  to  an  end  in  the  spring  of 
1918,  when  the  junior  author  also  assumed  military  duties. 

With  the  exception  of  the  second  wild  boar  (PI.  1,  A),  which  is  now 
the  property  of  the  Iowa  State  College,  none  of  the  swine  used  in  this 
investigation  are  still  living,  and  hence  no  further  work  can  be  done 
toward  solving  the  unfinished  problems,  except  by  beginning  once  again 
with  a  new  group  of  individuals.  Since  there  is  no  immediate  prospect 
of  this  being  done,  it  is  thought  best  to  publish  the  results  secured, 
together  with  the  most  probable  interpretation  of  them,  although  it  is 
frankly  admitted  that  the  data  do  not  furnish  a  definite  solution  of  the 
problems  attacked  and  that  in  some  cases  they  do  little  more  than 
indicate  the  general  direction  for  future  work. 

Because  there  have  been  so  few  carefully  controlled  genetic  experiments 

on  swine  it  is  felt  that  there  is  need  to  make  this  material  available  for 

further  study,  even  though  many  of  the  problems  touched  upon  have 

not  been  settled.     This  paper,  therefore,  is  presented  as  a  report  of 

progress. 

PURPOSE  AND  PLAN  OF  THE  EXPERIMENTS 

The  purpose  of  the  experiments  was  to  investigate  the  mode  of  inheri- 
tance of  certain  well-defined  characters  in  swine,  such  as  the  shape  of 
face,  set  of  ears,  color,  mammary  pattern,  growth  factors,  and  the  size 
of  litter.  On  all  these  points,  except  size  of  litter,  the  principal  work 
was  done  on  the  descendent  generations  from  crosses  of  a  registered 
Berkshire  boar  by  Tamworth  and  Duroc- Jersey  sows.  The  problem  of 
litter  size  was  separately  attacked  through  mating  European  wild  boars 
of  the  Schwarzwald  type  to  registered  Tamworth  and  Berkshire  sows. 
The  production  of  a  large  F2  generation  and  the  making  of  suitable 
back  crosses  were  planned,  but  only  a  single  F2  litter  from  the  wildX 
Tamworth  cross  and  none  from  the  Wild  X  Berkshire  or  Berkshire  X 
Tamworth  cross  had  been  secured  when  the  work  was  discontinued. 
Hence  the  majority  of  the  data  will  concern  the  Berkshire  xDuroc- 
Jersey  cross,  from  which  a  large  F2  generation  and  a  considerable  number 
of  back  cross  individuals  were  obtained. 

1  Accepted  for  publication  Jan.  i6,  192a.  Paper  No.  31  from  the  Department  of  Animal  Husbandry, 
Kansas  Agricultural  Experiment  Station.  Acknowledgment  is  hereby  made  of  the  invaluable  assistance 
of  C  E.  Aubel,  who  for  a  period  of  two  years  collected  much  of  the  data  of  this  investigation. 

*  Now  in  charge  of  live-stock  research  and  economics  for  Armour  and  Company. 

*  Now  Animal  Husbandman,  Texas  Agricultural  Experiment  Station. 
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The  following  records  were  kept  for  each  pig:  (1)  The  number  of  pigs 
in  the  litter  in  which  each  individual  was  born ;  (2)  descriptions  of  color, 
set  of  ears,  and  shape  of  face,  the  latter  character  being  described  from 
three  different  viewpoints — length  of  face,  dish  of  face,  and  shape  of 
forehead;  (3)  a  diagram  of  the  arrangement  of  the  mammae;  and  (4) 
growth  as  indicated  by  monthly  weights. 

The  total  number  and  relationship  of  the  pigs  produced  in  each  cross 
were  as  follows: 

Wild  X  Tamworth:  This  cross  comprised  an  Ft  generation  of  38  pigs 
produced  in  5  litters  out  of  three  Tamworth  sows  and  by  two  wild  boars ; 
1  back-cross  litter  of  8  pigs  out  of  another  Tamworth  sow  and  by  Ft 
boar;  and  1  F,  litter  of  4  pigs  by  the  Fx  boar  out  of  a  litter  sister. 

Wild  X  Berkshire:  In  this  cross  an  Fx  generation  of  2  litters  totaling 
17  pigs  was  secured  out  of  1  registered  Berkshire  sow  by  the  second 
wild  boar. 

Berkshire  X  Tarn-worth:  This  mating  produced  1  litter  of  10  pigs  out 
of  a  Tamworth  sow  by  a  registered  Berkshire  boar. 

Berkshire  X  Duroc- Jersey:  The  result  of  this  cross  was  an  Fx  generation 
of  29  pigs  in  3  litters  out  of  two  registered  Duroc-Jersey  sows  by  two 
registered  Berkshire  boars,  an  F2  generation  of  151  pigs  in  17  litters  out 
of  8  Ft  sows  by  an  F}  boar,  1  F3  litter  of  11,  1  litter  of  5  out  of  an  F2  sow 
by  the  Fx  boar,  and  a  back-cross  generation  of  35  pigs  in  3  litters  out 
of  the  Duroc-Jersey  sow  that  was  the  mother  of  all  the  Fx  animals 
reserved  for  breeding,  by  her  Ft  son. 

There  is  no  a  priori  reason  to  assume  that  similar  characters  in  two 
quite  distinct  breeds — for  example,  the  erect  ears  of  the  Berkshire  and 
of  the  wild  hog — are  due  to  identical  factor  complexes.  However,  since 
it  is  more  convenient  from  the  standpoint  of  treatment,  each  character 
will  be  discussed  in  the  light  of  the  data  from  all  available  crosses. 

INHERITANCE  OF  LITTER  SIZE 

Inheritance  of  litter  size  was  studied  in  two  crosses  (1)  wild  boar  by 
Tamworth  sows  and  (2)  Berkshire  by  Duroc-Jersey. 

It  was  primarily  for  the  study  of  the  inheritance  of  litter  size  that 
the  wild  hog  was  used  in  this  experiment,  its  use  having  been  suggested 
in  a  previous  study  by  Wentworth  and  Aubel  (23).*  This  type  of  wild 
hog  normally  produces  about  4  pigs  per  litter,  the  Tamworth  11,  and  the 
other  common  breeds  about  8  {23). 

Obviously  this  character  can  be  fully  expressed  only  by  sexually 
mature  females,  and  since  so  many  nongenetic  factors  (23)  can  operate 
to  reduce  the  actual  number  of  pigs  in  a  given  litter  below  that  which 
the  sow  is  potentially  capable  of  producing,  it  will  not  be  safe  to  draw 
far-reaching  conclusions  from  the  limited  data  available  in  this 
experiment. 

Only  one  Fx  sow  of  the  wild  X  Tamworth  cross  produced  any  litters, 
and  she  produced  but  one  (PI.  1,  B).  The  fact  that  her  litter  consisted 
of  but  four,  however,  agrees  with  the  results  obtained  by  Simpson  (11) 
and  is  very  suggestive  of  the  dominance  of  the  wild  litter  size.  It  may 
be  considered  a  good  indication  that  litter  size  in  swine,  like  fecundity 
in  poultry  (<?) ,  is  dependent  upon  certain  very  definite  factors  which  can 
be  inherited  in  part  through  the  male  parent,  since  whatever  factors 

4  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  581-582. 
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for  wild  litter  size  this  sow  possessed  must  have  been  received  through 
her  sire.  The  average  size  of  litters  produced  by  the  four  Tamworth 
sows  in  this  experiment  was  not  up  to  the  breed  average,  being  only 
7.67  pigs.  However,  four  of  these  six  litters  were  gilt  litters,  produced 
before  their  dams  had  reached  full  maturity,  which  may  partially  account 
for  their  small  average  size.  A  direct  influence  of  the  sire  on  the  size 
of  the  litter  has  been  demonstrated  only  under  the  condition  of  his 
previous  excessive  sexual  use  (<5) ,  a  condition  which  did  not  apply  in  this 
case. 

The  data  in  regard  to  litter  size  in  all  these  crosses  are  summarized  in 
Table  I. 

Table  I. — Size  of  litters 


Description  of  dams. 

Total 
number 
of  litters. 

Number 
of  gilt 
litters. 

Extreme 
size  of 
litters. 

Mean  size 
of  litters. 

Standard 

deviation  of 

litter  size. 

Pure-bred  Tamworth 

Fj  wild  X Tamworth 

7 
1 
2 
6 

17 
2 

5 
1 

1 
2 
8 

2 

6  and  10 

4 

7  and  10 

8  and  17 
3  and  12 
5  and  11 

7.86 

I.46±        .26 

Pure-bred  Berkshire 

Pure-bred  Duroc- Jersey 

Fj  Berkshire  XDuroc-Jersey. . 
F2  Berkshire  XDuroc-Jersey. . 

IO.  67 

8.88 

2.62±         -S1 
2.88±       .33 

INHERITANCE  OF  SET  OF  EARS 

Three  of  the  breeds  used  in  this  investigation,  the  Berkshire,  Tam- 
worth, and  wild,  have  erect,  pointed  ears  of  fine  or  moderately  fine 
texture,  and,  since  all  of  the  pigs  produced  by  intercrossing  showed  a  very 
similar  sort  of  ear,  these  crosses  furnish  no  evidence  as  to  the  factors  for 
inheritance  of  the  ear  shape.  The  Duroc- Jersey  breed,  however,  is  char- 
acterized by  a  quite  different  shape  of  ear ;  hence  the  Berkshire  X  Duroc- 
Jersey  cross  throws  some  light  upon  this  question  and  will  be  discussed 
in  more  detail. 

The  Berkshire  ear,  in  addition  to  being  erect  and  pointed,  is  rather 
small  and  fine  in  proportion  to  the  size  and  length  of  the  body.  It  may 
droop  somewhat  with  extreme  age  (9),  but  breaks  forward  at  the  head 
and  not  within  the  length  of  the  ear. 

The  Duroc-Jersey  ear,  while  not  a  direct  opposite,  offers  a  good  contrast 
in  several  respects.  It  is  of  medium  size,  not  so  pointed,  and  the  outer 
third  of  it  breaks  over  sharply  and  droops  downward.  There  is  consider- 
able variation  in  the  amount  of  droop,  but  close  inspection  shows  that 
these  variations  are  rather  closely  correlated  with  variations  in  the  general 
quality  of  the  animal.  Thus  the  large,  extremely  flabby  ear,  broken  over 
more  than  breed  ideals  permit,  is  usually  found  on  animals  which  show 
a  general  roughness  and  lack  of  quality.  On  the  other  hand,  the  ex- 
tremely fine,  almost  erect  type  of  ear  is  closely  associated  with  a  lighter 
limbed,  neater  quality  type  of  hog.  It  is  not  known  at  present  whether 
this  correlation  is  genetic  linkage  or  due  simply  to  the  mechanics  of 
growth. 

Both  of  the  Duroc-Jersey  sows  and  both  of  the  Berkshire  boars  of  the 

parental  generation  were  typical  of  their  breeds  with  respect  to  ear  shape. 

The  Fj  generation  contained  29  pigs,  and,  with  the  exception  of  one  boarr 

(PI.  1,  C,  D)  and  one  sow  in  the  first  litter,  which  was  sired  by  a  boar 
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not  used  subsequently,  all  of  them,  so  far  as  could  be  observed,  possessed 
perfectly  erect  ears,  which,  however,  were  slightly  larger  than  on  Berk- 
shires  of  equal  size. 

Although  the  F2  generation  consisted  of  151  individuals,  only  42  had 
become  mature  enough  to  determine  definitely  the  shape  of  ear  when  the 
work  was  discontinued.  Of  these  only  one  (PI.  1,  F)  showed  a  typical 
Duroc-Jersey  ear;  several  showed  shapes  intermediate  in  various  degrees, 
and  the  great  majority  showed  typically  erect  Berkshire  ears. 

The  Duroc-Jersey  sow  that  was  the  dam  of  all  the  Fx  generation  which 
wras  saved  for  breeding  purposes  was  mated  to  an  Fx  son  from  her  first 
litter  (PI.  1,  E).  There  resulted  three  litters  totaling  35  pigs,  most  of 
which  died  young  or  were  still  young  when  the  experiment  was  discon- 
tinued. Of  the  9  which  were  6  months  old  or  more  at  that  time,  4  had 
typical  Duroc-Jersey  ears,  1  was  still  undetermined,  and  4  had  ears  com- 
pletely or  almost  completely  erect. 

The  following  conclusions  in  regard  to  the  inheritance  of  the  set  of  ears 
are  warranted  by  the  data:  The  typical  erect  ear  of  the  Berkshire  is 
dominant  by  at  least  one  and  probably  not  more  than  three  (F,  ratio  of 
41  erect  or  intermediate  to  1  of  Duroc  type)  principal  factors.  There  are 
probably  a  number  of  minor  modifying  factors  for  size  and  quality  as  well 
as  for  the  amount  of  breaking  over.  Neither  breed  is  homozygous 
throughout  for  all  the  factors  concerned  in  the  production  of  its  own 
peculiar  ear  shape- — that  is,  being  pure-bred  is  not  equivalent  to  being 
homozygous  in  this  respect. 

INHERITANCE  OF  SHAPE  OF  FACE 

This  character,  like  the  shape  of  ear,  does  not  complete  its  develop- 
ment until  the  animal  is  mature  and  is  fairly  constant  within  each  of 
the  breeds  of  swine. 

Both  the  Tarn  worth  and  the  wild  hog  are  characterized  by  long, 
narrow,  straight  faces  with  almost  no  forehead  prominence.  The  face 
of  the  wild  hog  is  the  more  extreme  in  each  of  these  respects,  and  the 
seven  mature  F3  pigs  all  approached  very  closely  to  the  face  shape  of 
their  wild  parent. 

Among  the  common  American  breeds  of  hogs,  the  Berkshire  repre- 
sents the  brachycephalic  opposite  to  the  wild  hog  in  face  shape,  having 
a  very  short,  extremely  dished  face  and  a  forehead  so  broad  and  promi- 
nent as  to  give  it  a  sort  of  pompadour  appearance  (PI.  1,  G).  The 
facial  angle,  while  varying  somewhat  like  any  other  quantitative  char- 
acter, is  fairly  constant  and  approximates  a  right  angle.  Only  two  Fx 
pigs  from  the  wild  X  Berkshire  cross  matured,  and  both  resembled  the 
wild  parent  so  closely  that,  except  for  color  and  wider  foreheads,  they 
would  have  been  indistinguishable  from  the  Ft's  of  the  wild  X  Tarn- 
worth  cross.  One  of  them,  however,  also  had  a  slightly  shorter  face 
than  either  his  litter  mate  or  the  F/s  wild  X  Tarn  worth.  Not  enough 
data  are  available  to  indicate  whether  or  not  this  was  due  to  some 
variation  in  development. 

Seven  of  the  10  pigs  composing  the  Fx  generation  of  the  Berkshire 
X  Tamworth  cross  matured,  and  none  of  them  could  be  distinguished 
from  pure-bred  Tamworths  as  far  as  face  shape  was  concerned.  This  is 
especially  surprising  because  Simpson  (16),  who  crossed  Yorkshires  and 
Tamworths,  reported  that  the  Yorkshire  face  (which  is  quite  similar  in 
appearance  in  respect  to  dish  of  face  to  the  Berkshire,  though  longer) 
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was  neither  dominant  nor  recessive,  but  that  the  faces  of  the  resulting 
Ft  animals  were  intermediate  between  the  two  parental  types.  Simpson 
did  not  give  the  data  for  the  F,  generation,  and  none  of  the  F,  individuals 
in  this  experiment  reproduced.  Hence  the  number  of  factors  responsible 
for  the  differences  in  face  shape  between  these  three  breeds  is  not 
known.  The  data,  .however,  indicate  this  much:  Tamworth  straight, 
long  face  is  dominant  over  Berkshire  short,  dished  face;  Yorkshire  dished 
face  forms  as  intermediate  Ft  with  Tamworth  long,  straight  face. 
Therefore,  Yorkshire  dished  face  and  Berkshire  short,  dished  face  are 
apparently  similar  pheno types  produced  by  somewhat  different  factor 
complexes. 

The  face  shape  of  the  Duroc-Jersey  is  intermediate  between  those  of 
the  breeds  just  discussed,  in  that  it  is  moderate  in  length  and  in  dish, 
while  the  forehead  and  the  hair  which  grows  upon  it  usually  slope 
smoothly  upward  and  backward.  In  the  Ft  generation  of  the  Berk- 
shire X  Duroc-Jersey  cross,  the  forehead  in  every  case  approaches 
closely  that  of  the  Berkshire  type  (PI.  1,  D).  The  face  was  strongly 
dished,  but  not  to  the  degree  of  the  Berkshire  ideal,  although  it  ap- 
proached this  ideal  much  more  closely  than  the  Duroc-Jersey  type.  A 
slight  amount  of  variation  was  shown  by  two  animals  of  the  Fj  genera- 
tion, but  the  dish  was  pronounced  enough  to  be  Berkshire  in  type 
(PL  i,  H,  I).  The  second  of  the  two  Ft  litters  from  which  breeding  ani- 
mals were  selected  was  much  more  typically  Berkshire  than  the  first. 
Both  litters  were  out  of  the  same  dam,  but  they  were  sired  by  different 
boars.  In  every  case  the  length  of  face  was  considerably  less  than  the 
Duroc-Jersey  and  approached  the  Berkshire  type.  Here,  too,  there  was 
some  variation. 

In  the  F2  generation  very  much  wider  variation  was  observed.  No 
practicable  means  of  measuring  any  of  the  three  elements  of  face  shape 
was  devised,  but  since  the)^  differed  so  distinctly,  and  there  was  so 
little  chance  of  mistake,  the}7  were  classified  according  to  their  resem- 
blance to  one  or  the  other  of  the  parental  types.  The  face  shape  does 
not  develop  completely  until  the  animal  is  mature,  hence  there  are 
available  only  the  data  for  the  42  F,  animals  which  had  reached  maturity 
when  the  experiment  was  discontinued.  These  data  are  summarized 
in   Table   II. 


Table  II. — Inheritance  of  facial  characters  in  Berkshire-Duroc- Jersey  cross 


Facial  character. 


Forehead  shape 
Dish  of  face  .  .  . 
Length  of  face . 


Similar  to 
Berkshire. 

Interme- 
diate. 

37 
x7 

21 

2 

9 

7 

Similar  to 
Duroc- 
Jersey. 


3 
16 

14 


The  widest  variation  was  in  the  length  of  face,  some  being  longer 
than  the  typical  Duroc-Jersey  and  some  shorter  than  the  typical  Berk- 
shire. There  was  some  evidence  of  correlation  between  length  of  face 
and  dish  of  face  since  hogs  both  with  extremely  dished  and  extremely 
long  faces  did  not  occur.  On  the  other  hand,  short-faced  hogs  occurred 
both  with  extremely  straight  and  with  extremely  dished  faces.     This 
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may  be  interpreted  to  mean  that  such  correlation  as  exists  is  develop- 
mental or  anatomical  rather  than  genetic  (linkage). 

The  data  from  this  cross  seems  to  show  that  the  Berkshire  type  of 
face  is  largely  but  not  completely  dominant  over  the  Duroc-Jersey 
type.  Probably  several  factors  differing  in  importance  and  in  degree 
of  dominance  are  responsible  for  the  anatomical  differences  that  de- 
termine the  face  shape.  Certain  of  these  factors  affect  certain  parts  of 
the  face  much  more  than  they  do  other  parts.  If  reliable  means  of 
measurement  had  been  developed  for  the  different  aspects  of  face  shape, 
it  might  have  been  possible  to  distinguish  enough  separate  phenotypes 
to  postulate  a  factorial  analysis.  In  the  absence  of  such  an  analysis  it 
would  be  impossible  even  to  estimate  the  number  of  factors  involved, 
beyond  calling  attention  to  the  fact  that  the  true  number  can  not  be  so 
large  as  to  make  analysis  impossible,  else  the  parental  types  would  not 
have  been  recovered  among  such  limited  numbers. 

RESUME  OF  WORK  ON  SWINE  COLOR  (24) 

In  spite  of  the  rapidity  of  their  multiplication  and  the  diversity  of 
characters  which  they  offer,  very  little  genetic  research  has  been  conducted 
with  swine  and  that  which  is  known  or  seems  very  probable  in  regard 
to  the  inheritance  of  their  colors  can  be  stated  in  a  very  few  paragraphs 

(i>  P-  476).  . 

The  agouti  color  common  to  so  many  mammals  is  found  among 
swine  in  the  European  wild  hogs.  This  color,  which  is  fundamentally 
a  pattern  of  bands  of  different  shades  of  sandy,  red,  black,  or  brown 
pigment  on  each  individual  hair  is  a  darker,  more  slaty  shade  in  the 
adult  wild  hog  than  is  usual  among  other  mammals.  It  is  also  charac- 
terized by  being  much  lighter  along  the  underline  than  on  the  sides 
and  back.  Moreover,  in  the  wild  hog  the  young  are  born  with  longi- 
tudinal stripes  instead  of  being  self-colored. 

The  European  wild  hog  (PI.  2A)  has  been  crossed  with  the  domestic 
breeds  of  hogs  by  Simpson  in  Illinois  (11,  12,  13,  14,  15,  16)  and  by 
Herrmann  and  by  Henseler  among  others  in  Germany  as  stated  by 
Frohlich  (4,  p.  219,  ^220-221)  but  as  yet  there  has  been  no  very  large 
F2  generation  produced.  In  the  Fj  generation  the  striping  pattern  of 
the  young  and  the  agouti  pattern  of  the  adult  have  been  reported  dom- 
inant over  the  self  red  of  Tamworths  and  the  black  with  six  white  points 
of  the  Berkshire  and  incompletely  recessive  to  two  patterns — that  of  a 
white  belt  on  a  colored  background  and  that  of  self  white  (4,  14,  15,  18) . 
Simpson's  data  from  a  cross  with  Tamworths  indicate  that  this  wild 
color  differs  from  red  by  a  single  factor. 

Each  individual  hair  of  domestic  swine  is  either  white,  black,  or  some 
shade  of  red;  but  within  these  limitations  there  is  a  wide  range  of  colors, 
not  only  in  the  scrubs  and  grades  which  constitute  the  average  market 
run  of  hogs  but  also  between  the  various  pure  breeds.  Thus  there  are 
self  red,  self  black,  and  self  white  breeds  which  breed  true  to  pattern, 
besides  a  recently  established  breed  which  is  a  black  and  white  roan  or 
"blue."  Also,  although  there  are  no  pure  breeds  of  these  colors,  ordi- 
nary unpedigreed  hogs  are  common  which  are  red-and-black,  red-and- 
white,  red-black-and-white,  red-and-black  roan  in  spots,  or  red-and- 
white  roan  in  spots.  Red  may  be  replaced  by  various  lighter  tints, 
ordinarily  known  as  sandy,  in  any  of  these  combinations.  There  appears 
to  be  no  record  of  true  albinism  in  the  pig.     If  it  does  occur  it  is  cer- 
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tainly  so  rare  that  it  plays  little  part  in  the  ordinary  colors.  Self-white 
breeds  are  fairly  numerous,  there  being  at  least  five  known  in  America 
and  one,  the  Edelschwein,  in  Germany. 

The  Edelschwein  self  white  has  been  found  dominant  to  the  striping 
and  agouti  pattern  of  the  wild  hog  (4),  and  the  Yorkshire  and  Chester 
White  self  whites  have  been  reported  dominant  in  the  Fx  generations 
over  one  kind  of  Tamworth  (12)  and  Duroc-Jersey  self  red,  and  over 
Hampshire,  Berkshire,  and  Poland-China  (17)  black  and  has  produced  a 
red-and-white  roan  in  the  Ft  of  a  cross  with  some  Tamworths  and  Duroc- 
Jerseys  whose  self  red  color  seems  to  be  genetically  different  from  the 
more  common  red  color  of  their  breeds  (19,  20).  The  black  of  Berk- 
shire and  Poland-China  segregates  in  a  1  to  3  ratio  in  the  F2  generation, 
but  the  black  pigs  obtained  as  recessive  carry  more  and  larger  white 
spots  than  the  pure-bred  Poland-China  or  Berkshire.  Evidently  there 
are  some  minor  factors  which  modify  the  extent  of  this  kind  of  black  and 
which  are  inherited  independently  of  the  main  factor  for  black  or  its 
allelomorph  (17). 

Another  form  of  white  which  appears  to  be  quite  distinct,  genetically, 
from  self  white  and  from  the  white  spotting  displayed  by  the  Berkshire 
and  Poland-China  is  the  white  belt,  "sheet,"  or  "list,"  as  it  is  sometimes 
known  to  breeders,  which  is  characteristic  of  the  American  Hampshire 
hog  and,  in  a  more  extended  form,  of  the  German  Hanoverian  swine. 
This  white  pattern  is  dominant,  although  not  always  completely  so, 
when  crossed  with  all  other  colors  upon  which  it  has  been  tried,  including 
even  the  striping  and  agouti  pattern  of  the  wild  hog  (4).  The  swine  in 
this  case  were  Hanoverian  sows  bred  to  a  wild  boar.  The  white  belt  of 
the  Hanoverian  is  so  extensive  that  usually  the  only  parts  which  remain 
colored  are  the  head  and  a  part  of  the  rump,  while  in  the  American 
Hampshire  the  white  belt  includes  only  the  front  legs  and  feet  and  a  belt 
usually  from  4  to  12  inches  wide  around  the  body.  The  two  patterns 
are  probably  of  the  same  kind  genetically,  except  that  the  two  breeds  do 
not  possess  the  same  modifying  factors  for  the  width  of  the  belt.  Even 
in  pure  Hampshires,  the  inheritance  of  the  belt  can  not  be  determined 
by  less  than  two  factors  (19,  26).  Simpson  has  succeeded  in  producing 
belted  red  hogs  by  crossing  the  Hampshire  and  Tamworth  and  extract- 
ing reds  from  later  generations  (12). 

A  second  kind  of  white  pattern  is  that  possessed  by  the  Poland- China 
and  Berkshire  breeds.  These  are  black  except  for  white  feet,  a  white 
splash  in  the  face,  and  white  on  the  end  of  the  tail.  These  six  white 
points  constitute  the  standard  color  for  both  breeds,  but  quite  frequently 
there  are  one  or  more  white  splashes  elsewhere  on  the  body,  and  occa- 
sionally an  animal  appears  which  is  not  pure  white  but  a  sandy  color  in 
one  or  more  of  these  "white  points."  The  complete  pattern  is  mani- 
festly not  dependent  on  a  few  factors,  since  it  breaks  up  so  readily  into 
black  spotting  on  a  white,  sandy,  or  red  ground  color  in  crosses  and  is 
so  difficult  to  obtain  in  typical  form  in  the  F2  generation. 

A  possible  third  kind  of  white  pattern  is  found  in  the  breed  known  as 
the  Spotted  Poland-China.  White  and  black,  in  approximately  equal 
amounts  irregularly  scattered  over  the  body,  constitutes  the  standard 
color  of  this  breed.  Wright  suggests  (24)  that  it  is  doubtful  whether  this 
is  really  a  different  kind  of  white  pattern  from  that  of  the  Berkshire  and 
Poland-China,  since  both  of  these  breeds  at  a  not  very  distant  time  were 
sandy  white  or  reddish  brown  with  large  black  spots.  Furthermore 
when  they  are  crossed  their  present  color  readily  breaks  up  into  a  form 
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of  black  spotting  which  appears  similar  to  that  of  the  spotted  Poland  - 
China.  Wright  comes  to  the  conclusion  that  the  Berkshire  and  Poland- 
Chinas  are  genetically  black-and-sandy  spotted  hogs  in  which,  by  selec- 
tion of  minor  factors,  sandy  has  been  diluted  to  white  and  black  has  been 
extended  to  cover  all  the  body  except  the  six  white  points.  Such  evi- 
dence as  the  writers  have  with  regard  to  the  white  points  casts  no  light 
on  this  interpretation,  but  the  idea  seems  correct  for  the  black  color. 

Aside  from  the  fact  that  the  roans  occur  regularly  as  a  part  of  the 
progeny  resulting  from  back-crossing  Yorkshire  X  Tamworth  F\  hogs  to 
pure  Tamworths  (12)  and  in  the  Fx  generation  of  self  white  breeds  crossed 
with  Hampshires  (5)  nothing  definite  is  known  about  the  inheritance  of 
the  roaning  patern.  The  Sapphire,  the  only  breed  making  a  feature  of 
this  pattern  is  of  such  recent  origin  that  it  does  not  yet  breed  com- 
pletely true  and  hence  is  not  suitable  for  analyzing  this  character  (7). 
Several  types  of  roans  have  appeared  in  the  course  of  the  experiments  to 
be  reported  upon  here  but  not  in  sufficient  numbers  nor  with  sufficient 
regularity  to  permit  their  analysis.  As  a  general  rule,  roans  appear  to 
be  either  self  colored  or  ordinarily  spotted  at  birth,  but  at  about  weaning 
time  hairs  of  another  color  begin  to  appear  and  soon  produce  the  roan 
effect,  either  as  a  self  roan  or  a  spotted  roan. 

Two  self  black  breeds  are  known  in  England  but  are  not  common  in 
America  and  their  color  behavior  in  crossing  is  not  known,  although  the 
black  of  the  Large  Black  breed  has  been  reported  dominant  to  Tamworth 
red. 

Hampshire  black  is  certainly  distinct,  genetically,  from  Berkshire  or 
Poland-China  black,  but  whether  it  is  equivalent  to  self  black  plus  the 
white  belt  or  is  a  third  distinct  kind  of  black  is  not  known  (5). 

Self  red  breeds  vary  in  the  intensity  of  their  pigment  rather  widely 
from  a  light  yellow  or  sandy  to  a  deep  brownish  red  which  almost  ap- 
proaches black.  That  these  differences  in  intensity  are  hereditary  seems 
probable,  but  no  definite  investigation  of  this  point  has  yet  been  made 
except  to  find  that  there  are  two  distinct  kinds  of  red  with  respect 
to  the  way  they  react  towards  self  white  (19,  20).  Self  red  is  reces- 
sive to  self  white,  to  the  wild  pattern,  and  to  Hampshire  black  with  white 
belt.  Self  red  is  the  only  type  of  red  which  is  characteristic  of  any  pure 
breed,  but  grade  and  scrub  hogs  are  common  which  are  spotted  red  with 
black  or  white  or  roan  in  various  combinations. 

This  general  survey  of  the  heredity  of  swine  color,  so  far  as  it  is 
known,  may  be  briefly  summarized  as  follows : 

Self  white.     Dominant  over  all  other  colors.     Probably  dependent  on  a  single 

factor. 
White  belt.     Dominant  over  all  other  colors  but  must  depend  upon  more  than 

one  factor. 
Immature  striping  and  adult  agouti  of  the  wild  hog.     Dominant  over  all  other 

colors  except  self  white  and  the  white  belt.     Dominance  is  not  complete. 
Roaning.     Appears  frequently  among  descendants  of  self  whites  by  self  reds,  or 

of  self  whites  by  belted  blacks. 
Self  black.     Dominant  to  self  red. 
Black  spotting  on  a  lighter  ground  color.     The  most  frequently  occurring  type  of 

black  in  ordinary  market  hogs  and  therefore  probably  dependent  upon  a  few 

relatively  simple  dominant  factors. 
Self  Red.     There  are  two  kinds  of  red,  genetically  distinct  in  their  behavior 

toward  self  white.     Possibly  the  factor  or  factors  which  affect  the  white  may 

be  distinct  from  the  factors  for  red. 
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COLOR  DATA  FROM  THIS  INVESTIGATION 
WILD    BY   TAMWORTH    CROSS 

The  color  of  the  Tarn  worth  is  a  uniform  cherry  red  which  varies 
somewhat  in  intensity  within  the  breed  but  not  so  widely  as  the  red  of 
the  other  common  red  breed,  the  Duroc- Jersey.  The  color  of  the  wild 
hog  has  already  been  described.  All  of  the  3S  F,  pigs  produced  in  this 
experiment  were  born  with  distinct  longitudinal  stripes  about  1  cm.  in 
width,  composed  alternately  of  rather  light  red  hairs  and  very  dark 
brown  hairs.  These  stripes  extended  all  over  the  backs  and  sides,  but 
the  bellies  were  a  uniform  light  red  (PI.  1,  B).  Such  variation  as  may 
have  existed  among  the  Fj  individuals  in  the  regularity  of  striping  or 
in  the  contrast  between  light  and  dark  stripes  was  too  slight  to  admit 
of  description  or  of  measurement. 

All  four  F2  pigs  were  striped  in  the  same  way  except  that  the  stripes 
were  not  quite  so  regularly  continuous  throughout  the  entire  length  of 
the  pigs'  bodies  as  was  the  case  with  the  F/s.  These  four  pigs  showed, 
however,  three  different  belly  colors,  as  follows:  One  with  a  uniform 
grayish  white  belly  on  which  the  hairs  were  apparently  white,  two  with 
uniform,  light  reddish  bellies  like  the  Fxs  and  one  with  a  similar  light 
reddish  belly  on  which  were  scattered  some  large  black  spots  both  in 
hair  and  skin. 

The  back-cross  litter  resulting  from  mating  a  Tamworth  sow  and  an 
Ft  boar  included  five  striped  and  three  nonstriped  pigs.  Of  the  five 
striped  ones,  two  were  like  the  Ft's  and  three  were  faintly  striped  but 
possessed  small  black  spots  on  their  bodies.  Of  the  nonstriped  pigs,  one 
was  self  red  and  the  other  two  were  red  with  small  black  spots. 

Obviously  this  suggests  single  independent  factors  for  black  spotting 
and  for  the  striping  pattern.  It  also  suggests  that  the  black  spotting 
factor  may  diminish  the  intensity  of  the  striping  pattern,  because  all 
three  of  the  back-cross  pigs  which  were  faintly  striped  possessed  black 
spots.  Since  none  of  these  pigs  matured,  it  was  impossible  to  apply 
the  breeding  test  to  this  latter  idea,  but  the  existence  of  an  F.,  pig  which 
was  both  intensely  striped  and  possessed  black  spots  makes  it  seem  more 
probably  that  the  association  of  faintness  of  striping  and  black  spotting 
in  the  back-cross  litter  was  due  either  to  chance  or  to  linkage.  The 
factors  for  striping  pattern  and  for  intensity  of  that  pattern  must  both 
come  from  the  wild  hog,  while  the  factor  for  black  spotting  probably 
comes  from  the  Tamworth,  since  if  it  comes  from  the  wild  hog  the  latter 
must  also  possess  an  inhibiting  factor  which  prevents  the  spots  from 
showing  in  either  the  Ft  or  the  pure  wild.  The  occurrence  of  the  gray- 
bellied  pig  in  the  F2  generation  and  the  absence  of  this  type  from  the 
back-cross  litter  suggests  that  the  Tamworth  may  possess  a  partially 
dominant  factor  for  deep  red  and  the  F2  pig  may  be  explained  as  the 
segregation  of  the  homozygous  recessive  to  that  factor.  This  last  sug- 
gestion is  supported  by  the  fact  that  the  wild  X  Berkshire  Fx  pigs,  to 
be  discussed  later,  showed  this  lighter  color  and  by  the  fact  that  the 
adult  wild  X  Tamworth  F/s  were  a  more  reddish  and  less  slaty  color 
than  the  pure  wild  boars.  This  is  the  only  actual  evidence  secured 
supporting  this  interpretation.  No  evidence  was  secured  as  to  why  the 
pure-bred  Tamworth,  which  evidently  carries  a  fundamental  factor  for 
black  spotting,  is  prevented  from  showing  that  black  in  its  own  body. 
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WII,D  BY   BERKSHIRE   CROSS 

All  the  17  Fx  pigs  which  composed  this  cross  were  fairly  uniform  and 
striped,  and,  except  in  two  particulars,  closely  resembled  the  wildxTam- 
worth  Fj  pigs.  They  had  much  less  of  a  reddish  tinge  throughout  and 
showed  a  number  of  large  black  spots  along  the  underline  and  on  the 
face,  ears,  and  legs.  The  lack  of  the  reddish  tinge  made  the  dark  stripes 
appear  a  blacker  brown  and  the  light  stripes  and  underline  a  very  light 
gray.  The  black  spotting  was  different  in  appearance  from  that  in  the 
wild X Tamworth  F2  and  back-cross  pigs  in  two  particulars;  first,  the 
spots  were  larger,  usually  being  from  1  to  i}i  inches  in  diameter  on  the 
new-born  pigs,  while  those  on  the  pigs  of  the  Tamworth  cross  were 
rarely  more  than  ^  inch  in  diameter;  secondly  the  spots  on  the  latter 
tended  to  be  restricted  to  the  rear  half  of  the  animal,  being  especially 
frequent  on  the  thighs  and  on  the  underline  behind  the  umbilicus,  while 
the  larger  spots  on  the  pigs  of  the  Berkshire  cross  appeared  with  almost 
equal  frequence  on  all  parts  of  the  underline  and  lower  sides,  although 
perhaps  a  little  oftener  on  the  lower  law,  the  side  of  the  face,  and  the 
lower  half  of  the  ears. 

From  these  data  it  seems  that  the  Berkshire  lacks  the  factors  deter- 
mining the  deeper  red  color  which  the  Tamworth  possesses  and  has 
either  a  different  fundamental  factor  or  quite  different  modifying  factors 
for  black  spotting  because  this  spotting  shows  up  at  once  in  the  Fx 
generation  of  the  wild  X  Berkshire  cross  and  because  it  is  different  in 
appearance. 

BERKSHIRE  BY  TAMWORTH  CROSS 

The  ioF,  pigs  composing  the  only  litter  of  this  cross  consisted  of  8 
which  were  red  with  one  or  more  small  black  spots  and  2  which  were 
self-red.  The  red  varied  in  intensity  from  a  reddish  gray  to  a  dark 
reddish  brown.  Four  of  the  8  had  many  small  black  spots,  3  had  only 
a  few,  and  1  had  but  a  single  black  spot  on  the  side  of  her  nose.  There- 
fore, it  seems  possible  that  there  was  no  genetic  difference  between  the 
2  self-red  pigs  and  the  8  with  black  spots  in  regard  to  the  fundamental 
factor  for  black  spotting,  the  variation  being  due  to  differences  in  devel- 
opment or  differences  in  modifying  factors  for  restriction  of  black. 
These  pigs  had,  on  the  average,  fewer  and  smaller  spots  and  were  of  a 
deeper  red  body  color  than  the  Fx  pigs  from  the  Berkshire  by  Duroc- 
Jersey  cross  to  be  discussed  next. 

BERKSHIRE   BY    DUROC-JERSEY   CROSS 

The  Duroc- Jersey,  as  a  breed,  shows  considerable  variation  in  the 
shade  of  red,  but  the  sows  of  the  parental  generation  of  this  cross  were 
of  medium  color,  neither  very  light  nor  very  dark.  The  one  whose  son 
and  daughters  were  used  to  produce  the  F2  generation  and  that  was  her- 
self the  dam  of  all  the  back-crossed  litters  was  the  desired  cherry  red. 
She  was  a  good  specimen  of  Duroc-Jersey  brood  sow  and  typical  of  the 
breed  in  every  way  except,  perhaps,  that  she  was  chuffier  than  the 
breeder  desires  and  her  face  was  a  little  more  dished  than  the  average 
of  the  breed. 

The  29  pigs  composing  the  Fx  generation  all  possessed  small  black 
spots  scattered  irregularly  over  a  yellowish  red  (in  most  cases,  sandy) 
body  color.     The  black  spots  appeared  a  little  more  numerous  on  the 
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underline  and  rear  parts,  but  this  was  not  uniformly  true.  The  spots 
were  all  small,  very  few  of  them  being  over  1  square  inch  in  extent  on 
the  new-born  pig  and  most  of  them  being  not  more  than  one-third  as 
much.  The  red  body  color  varied  in  intensity,  4  of  them  being  described 
as  sandy  red,  2  as  red  with  white  bellies,  and  i  as  red  with  a  sandy  belly. 
Uniformly  as  they  matured  the  red  became  lighter  and,  although  they 
did  not  all  come  to  the  same  shade  of  red  then,  it  would  be  more  accurate 
to  describe  them,  when  mature,  as  sandy  hogs  with  numerous  small 
black  spots.  Where  not  otherwise  stated  in  this  discussion,  the  color 
of  a  pig  is  understood  to  mean  the  color  at  time  of  birth  because  red 
and  sandy  were  then  most  distinct. 

Eight  sows  and  one  boar  (PI.  2,  B)  all  of  which  were  described  as  black- 
and-red  at  birth,  were  selected  from  the  Fx  generation  for  breeding  pur- 
poses and  from  them  were  produced  151  pigs  (PL  1,  J),  including  three 
which  ceased  development  at  such  an  early  prenatal  stage  that  their  true 
color  could  not  be  distinguished  with  certainty.  When  classified  as  to 
the  color  of  hair,  without  regard  to  the  patterns  in  which  these  colors 
were  arranged,  the  148  F2  pigs  and  the  35  back-cross  pigs  produced  by 
breeding  the  Fx  boar  back  to  his  own  dam,  gave  the  results  shown  in 
Table  III. 

Table  III. — Color  of  148  F2  pigs  of  the  Berkshire-Duroc-fersey-Cross 


Color. 


Black-and-red 

Black-and-white 

Self  red 

Black-and-sandy 

Black-red-and-white. .. 
Black-red-and-sandy. . . 

Sandy 

Sandy-and-white 

Black-sandy-and-white 

Red-and-sandy 

Red-and-white 

White 

Total 


Number  in 
Fs. 


47 
27 

14 
11 
10 
10 

7 
7 
6 

3 
3 
3 


148 


Number  in 
the  back- 
cross. 


19 
14 

I 


35 


A  classification  according  to  the  presence  or  absence  of  each  color 
separately  gives  the  results  presented  in  Table  IV. 

Table  IV. — Color  of  pigs  in  F2  of  the  Berkshire-Duroc-fersey-Cross,  classified  as  to  each 

color  separately 


Color. 

Number  in 
F:. 

Ratio. 

Number  in 
the  back- 
cross. 

Ratio. 

Showing  black 

Ill 

37 
87 
61 

44 
104 

56 
92 

h:i  (exact) 
Jo 7  (approx.).. 

}i:a-3 

|i:i.6 

f             20 

I             15 
/             35 

{       si 

{       si 

>i:i  (approx.) 

} 

} 

Not  showing  black 

Showing  red 

Not  showing  red 

Showing  sandy 

Not  showing  sandy 

Showing  white 

} 

Not  showing  white 
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The  most  obvious  color,  and  the  one  about  which  there  is  the  least 
chance  for  mistake,5  is  the  black,  and  since  it  gives  an  exact  3  to  1  ratio 
in  F2  generation  with  such  a  relatively  large  number  of  individuals  and 
such  a  close  approximation  to  a  1  to  1  ratio  in  the  back-cross,  it  is  rather 
clearly  evident  that  the  presence  of  black  color,  irrespective  of  whatever 
pattern  it  may  assume,  is  due  in  this  cross,  to  a  single  dominant  Men- 
delian  factor  received  from  the  Berkshire. 

In  a  few  cases  it  was  rather  difficult  to  distinguish  accurately  between 
red  and  sandy  and  between  sandy  and  white,  but,  on  the  whole  (PI.  2,  C), 
these  colors  segregated  distinctly,  and  in  the  case  of  certain  combinations 
such  as  black-and-red  or  black-and-white  there  was  never  any  question. 
This  distinctness  of  color  was  most  marked  when  the  pigs  were  young 
because  some  became  darker  as  they  grew  older  while  others  became 
lighter.  There  were  different  shades  of  sandy  and  different  shades  of 
red,  but  these  are  not  considered  in  detail  in  this  discussion. 

The  ratio  of  the  pigs  showing  red  to  the  number  not  showing  any  red 
is  very  suggestive  of  a  9  to  7  ratio  in  the  F2  generation,  and  the  ratio  in 
the  back-cross  seems  to  prove  definitely  that  at  least  one  dominant 
factor  whose  function  is  to  produce  red  pigment,  rather  than  sandy  or 
white,  is  possessed  by  the  Duroc- Jersey  breed. 

From  the  ratios  of  sandy  to  nonsandy  and  white  to  nonwhite  we  get 
definite  proof  only  that  sandy  is  not  a  heterozygous  red,  since  the  sandy 
pigs  are  so  much  less  numerous  than  the  reds,  and  that  white  is  not  due 
simply  to  an  absence  of  factors  for  black  and  red  and  sandy. 

The  independence  in  inheritance  of  the  black  color  and  distribution  of 
spotting  with  black  make  it  possible  to  regard  red  or  sandy  (that  is,  the 
possession  of  red  pigment)  as  the  fundamental  ground  color  of  the  hog. 
In  order  to  get  at  the  relation  of  red,  sandy,  and  white,  therefore,  it 
may  be  permissible  to  examine  them,  disregarding  whatever  black  may 
be  shown  on  the  bodies  of  the  animals.  If  the  black  color  is  omitted 
from  Table  III,  the  result  shown  in  Table  V  is  obtained. 

Table  V. — Distribution  of  red,  white,  and  sandy  colors  in   Berkshire-Duroc- Jersey  F2 

generation 


Color. 


Number 
in  the 

back-cross. 


Red 

White 

Sandy 

Red-and-sandy .  . 
Red-and- white. . 
Sandy-and-  white 

Total 


Let  us  first  consider  the  relation  of  red  and  sandy.  Omitting  white  on 
the  theory  that  it  is  due  to  superimposed  spotting  factors,  there  are  87 
reds  (61  red,  13  red-and-white,  and  13  red-and-sandy)  to  31  sandy  (18 
sandy  and  13  sandy-and- white) .  This  misses  a  true  3  to  1  ratio  (88j^ 
to  29^-2)  very  slightly  and  suggests  a  single   intensity  factor   difference 


5  Three  of  the  pigs  of  the  back-cross  were  classified  as  black-and-red  although  they  possessed  only  one 
small  black  spot  each,  and  in  one  of  these  cases  the  black  was  in  the  skin  only  and  not  in  the  hair  growing 
on  it.  If  either  of  these  three  cases  has  been  placed  in  the  wrong  genetic  classification,  the  correct  ratio  in 
the  back-cross  would  still  more  closely  approximate  i  to  i. 
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for  red  and  sandy.  It  may  be  protested  that  the  red  and  sandy  pigs 
could  as  logically  be  included  under  sandy,  but  the  writers  have  not 
accepted  this  idea  because  in  each  case  where  red  and  sandy  occurred 
on  the  same  hog,  the  sandy  markings  were  so  distributed  as  to  indicate 
a  failure  of  the  intensity  factor  for  red,  just  suggested,  to  extend  to  the 
extremities  of  the  animal,  in  much  the  same  way  that  the  factor  for 
restriction  of  black  pigment  in  the  bay  horses  varies  centrifugally. 
Sandies  do  not  appear  in  the  back-cross  to  permit  the  testing  of  this 
hypothesis. 

The  data  with  regard  to  white  spotting  are  less  suggestive.  Omitting 
the  three  individuals  that  were  self  white  (Tables  IV  and  V),  there  were 
53  with  white  markings  in  the  F2  generation  and  92  without.  This  indi- 
cates three  possibilities:  First,  that  white  markings  are  not  dominant 
unless  dependent  on  the  interaction  of  three  or  more  factors;  second, 
that  white  markings  are  recessive;  or,  third,  that  they  are  dependent 
on  several  factors,  some  of  which  are  dominant  and  others  recessive. 
The  data  are  not  complete  enough  to  test  any  of  these  hypotheses. 
However,  if  the  first  hypothesis  is  correct,  three  or  four  factors  are  indi- 
cated. If  the  interaction  of  three  factors  is  necessary,  the  expectation 
for  145  F2's  would  be  61.2  with  white  markings  to  83.8  without.  If 
the  interaction  of  four  is  necessary  the  expectation  would  be  45.9  with 
white  markings  to  99.1  without.  The  actual  ratio,  53  to  92,  is  about 
half  way  between  the  two.  There  is  no  simple  recessive  condition  that 
will  produce  this  ratio,  nor  is  there  any  combination  of  recessive  condi- 
tions probable  that  would  give  the  actual  results.  Hence  the  third 
hypothesis  is  most  probable.  In  fact,  three  distinctly  different  types  of 
white  markings  are  readily  recognizable  in  addition  to  the  red-and-sandy 
"bicolor."  The  first  is  roaning;  the  second  is  the  broken  splotching  of 
white,  probably  related  genetically  to  the  Berkshire  "six  white  points," 
and  the  third  is  the  light  belly  marking.  The  indications  are  that  sandy 
may  be  substituted  for  white  in  many  cases. 

Roaning  appeared  in  three  forms.  Two  animals  were  red-and-white 
roan  with  black  spots,  one  was  sandy-and -white  roan  with  black  spots, 
and  one  was  white  with  black-and-red  roan  spots.  The  roaning  was  not 
evident  until  after  weaning  time,  and  hence  many  of  the  pigs  which 
died  young  also  may  have  possessed  this  character.  No  attempt  is  made 
to  analyze  or  explain  the  roaning  condition. 

The  second  form  of  bicolor  was  the  irregular  spotting  of  red  or  deep 
sandy  upon  a  white  or  light  sandy  ground  color.  It  always  occurred  in 
the  presence  of  black  and  was  readily  distinguished  from  other  colors 
by  the  fact  that  the  red  spots  were  always  most  numerous  on  the  face, 
back  of  the  head,  and  front  part  of  the  back.  In  nearly  every  case  of 
this  type  one  or  both  upper  eyelids  and  eyelashes  were  quite  red.  The 
distinctness  of  this  type  of  red  spotting  was  not  suggested  until  late  in 
the  investigation  and  consequently  exact  numbers  are  not  available; 
but  since  it  always  occurred  in  the  presence  of  black  and  did  not  appear 
among  the  back-cross  individuals  the  suggestion  is  very  plausible  that 
this  red  spotting  is  genetically  identical  with  the  red  or  sandy  splash 
which  occasionally  appears  on  the  pure-bred  Berkshire.  The  fact  that 
the  sandy  color  appears  on  the  white  splash  on  the  face  more  commonly 
than  on  the  feet  or  tail  of  pure-bred  Berkshires  supports  this  suggestion, 
and  the  fact  that  a  pure-bred  Berkshire  practically  never  has  all  six 
"white  points"  showing  sandy  is  another  argument  in  favor  of  it.     This 
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spotting  may  not  be  apparent  in  all  individuals  carrying  it  because  the 
spots  may  all  happen  to  be  covered  epistatically  with  black  pigment. 

The  third  form  of  bicolor  appears  as  a  red  with  a  sandy  or  white  belly 
(PL  2,  D),  or  a  sandy  with  a  white  belly.  Black  may  or  may  not  be 
present,  but  the  occurrence,  or  at  least  the  observance,  of  this  character 
is  more  frequent  with  the  nonblacks.  Both  the  bicolor  reds  occurring 
in  the  back-cross  and  all  three  of  the  bicolor  reds  in  the  Fx  generation 
were  of  this  type.  The  line  of  demarcation  between  the  two  colors 
may  be  sharp  or  they  may  blend  into  each  other.  This  type  of  color — 
that  is,  a  lighter  underline  than  sides  or  back — is  common  to  most  mam- 
mals as  an  integral  part  of  the  agouti  pattern.  It  is  striking  in  the  young 
of  the  wild  hog,  which  also  exhibit  both  (if  they  are  genetically  separate) 
the  agouti  and  the  striping  patterns.  For  reasons  to  be  discussed  later 
it  is  considered  probable  that  the  three  characters  of  lighter  underline, 
striping  pattern,  and  adult  agouti  pattern  are  due  either  to  identical  or 
to  closely  similar  factor  complexes. 

A  most  interesting  peculiarity  of  the  F2  Berkshire-Duroc  generation 
was  that  two  of  its  individuals,  which  were  otherwise  a  light  sandy  with 
white  bellies,  distinctly  showed  longitudinal  stripes  of  a  pattern  similar 
to  that  of  the  young  of  the  wild  hog,  but  not  nearly  so  intensely  colored 
and  hence  not  so  contrasted.  They  were  also  not  so  permanent  and 
disappeared  within  a  very  few  weeks  after  birth.  In  the  founding  of 
the  Sapphire  breed,  according  to  McLean  (7),  the  striping  pattern 
appeared  several  times,  and  the  stripes  in  some  individuals  persisted 
throughout  life.  Simpson  also  reports  (13,  11)  the  appearance  of  striped 
individuals  in  crossing  several  breeds,  of  which  he  mentions  specifically 
a  Tamworth  by  Yorkshire  cross  and  a  Berkshire  by  Poland-China  cross. 
This  striping  pattern  as  seen  in  a  hog  of  unknown  ancestry  found  on 
a  farm  in  Wisconsin  is  shown  in  Plate  2,  E.  Considering  everything, 
this  phenomenon  of  the  striping  pattern  in  pigs  is  quite  comparable  with 
the  appearance  of  barring  on  pigeon  wings  when  distinct  breeds  are 
crossed  and  with  the  dorsal  and  shoulder  stripes  sometimes  seen  on 
mongrel  dun-colored  horses,  phenomena  which  have  been  discussed  since 
Darwin's  time. 

There  was  one  litter  of  pigs  of  the  F3  generation  which  threw  some  light 
on  this  question  in  an  unexpected  manner.  A  white  F2  sow  (which  had, 
however,  patches  of  black  pigment  in  her  skin  although  the  hair  growing 
out  of  these  patches  was  quite  white)  when  mated  with  an  F2  boar 
(PL  2,  F)  which  was  red  with  a  sandy  belly  produced  the  litter  of  11 
pigs  shown  in  Plate  2,G.  All  were  some  shade  of  sandy  or  red,  but  also 
all  had  light  bellies  and  all  were  striped  even  more  distinctly  than  either 
of  the  F2  Berkshire  by  Duroc  striped  pigs.  None  of  them  showed  any 
trace  of  a  skin  spot  of  black  pigment.  Four  were  classified  as  dark  red, 
5  were  light  red,  1  was  a  sandy  red,  and  1  was  a  very  light  sandy,  almost 
white.  The  red  pigment  on  the  dark  red  ones  was  more  of  a  brown 
than  on  any  F,  individual  and  their  stripes  were  very  distinct.  Neither 
parent  was  observed  to  be  striped  and  only  the  sire  exhibited  the  lighter 
belly,  but  it  is  conceivable  that  the  dam  possessed  the  factors  for  both 
(if  they  are  two)  patterns,  but  did  not  have  enough  pigment  in  her  hair 
for  the  expression  of  either.  Although  a  complete  factorial  analysis 
has  not  yet  been  achieved,  this  much  is  certain;  the  striping  pattern 
and  the  lighter  underline  are  closely  related  and  the  factors  which  pro- 
duce them  are  relatively  few  and  simple  in  the  mode  of  their  expression, 
else  such  a  combination  would  not  have  appeared  uniformly  in  such  a 
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large  litter  nor  separately  in  two  other  litters.  There  is  probably  nothing 
more  mysterious  about  this  case  of  "reversion"  than  there  is  about  any 
other  case  of  the  complementary  action  of  factors.  The  indicated  few- 
ness of  the  factors  affords  hope  for  their  future  analysis. 

The  first  step  in  investigating  the  nature  of  the  genetic  differences 
between  the  red,  sandy,  and  white  pigments  was  to  discover  whether 
the  presence  of  the  black  pigment  affects  the  other  three  in  any  way. 
To  do  this,  Table  III  was  rearranged  with  the  black  carriers  separated 
from  the  nonblacks.  The  result,  together  with  the  numbers  to  be 
expected  on  the  theory  that  the  blacks  and  nonblacks  of  each  combina- 
tion of  red,  sandy,  or  white  should  give  a  3  to  1  ratio,  is  shown  in 
Table  VI. 

Table   VI. — The  relation  of  black  pigment  to  the  distribution  of  red,  sandy,  and  white. 


Color. 


Red 

Red-and-sandy . . 
Red-and-white . . 

Sandy 

Sandy-and-white 
White 


Number 
which  also 
show  black 


47 
10 
10 
II 
6 
27 


Number 
not  show- 
ing black. 


14 
3 
3 
7 
7 
3 


Expected 
blacks. 


45-75 
9-75 


9 

13' 

9 

22. 


75 
5 

75 
5 


Expected 
nonblacks. 


15-25 
3-25 


25 

5 

25 

5 


It  will  be  seen  at  a  glance  that  the  proportion  of  animals  which  had 
any  red  on  them  but  lacked  black  color  to  those  of  the  same  color  with 
the  addition  of  black  was  almost  exactly  1  to  3,  or,  in  other  words,  the 
inheritance  of  the  black  is  independent  of  the  inheritance  of  the  red 
(disregarding  the  pattern  of  the  color).  The  numbers  of  the  black 
and  nonblack  sandy  and  sandy-and-white  pigs  were  too  small  for  cer- 
tainty, but  they  were  far  enough  from  the  expectations  to  indicate  a 
disturbing  influence  at  work  here.  The  number  of  whites  was  large 
enough  and  the  actual  ratio  was  aberrant  enough  to  permit  the  positive 
assertion  that  the  black-and-white  pigs  were  not  simply  white  pigs  to 
which  black  had  been  added.  There  was  also  a  difference  in  the  appear- 
ance of  the  white  hairs  in  self  whites  and  in  black-and-whites.  No 
microscopical  examinations  were  made,  but  the  white  of  the  black-and- 
white  pigs  was  a  more  lustrous  white  at  birth  and  tended  much  more 
to  remain  quite  white  all  through  life  than  that  of  the  pigs  born  self 
white.  One  of  the  latter  developed  a  sandy  tinge  at  maturity,  and  two 
pigs  born  a  very  light  sandy  became  quite  white  at  maturity,  indicating 
that  the  very  dilute  sandies  approach  very  closely  to  the  whites.  The 
whites  are  certainly  not  albinos,  for  their  eyes  are  always  pigmented, 
and  one  of  them  had  large  patches  of  black  pigment  in  her  skin,  although 
the  hair  growing  out  of  those  patches  was  quite  white. 

The  second  step  in  investigating  the  nature  of  the  genetic  differences 
between  the  red,  sandy,  and  white  pigments  was  to  rearrange  Table  IV, 
classifying  the  bicolor  reds  according  to  the  darker  pigment  which  they 
showed.  That  the  greater  intensity  of  red  represents  the  true  pigment 
condition  if  there  were  no  interference  from  bicolor  factors  is  indicated 
by  the  fact  that  it  was  always  the  greater  intensity  of  red  which  appeared 
as  spots  upon  the  lesser  intensity.  This  classification  is  given  in  Table 
VII. 
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Table  VII. — The  relative  frequency  of  reds,  samites,  and  whites  in  the  F2  generation 


Color. 


Blacks. 


Red... 
Sandy. 
White. 


67 

17 
27 


Expected 
blacks. 


Non- 
blacks. 


62.  4375 
20.  8125 

27-75 


20 

14 

3 


Expected 
nonblacks. 


20.  8125 
13-  875 
2-3I25 


The  results  for  the  nonblacks  are  as  good  as  could  be  desired  for  a 
9  to  6  to  1  ratio,  and  at  once  suggest  that  where  black  is  absent  the  color 
is  determined  by  two  dominant  factors,  each  of  which  produce  by  itself 
a  sandy  color  and  which  together  produce  red,  while  the  absence  of 
both  results  in  white.  The  results  for  the  black-carrying  pigs  are  a 
moderately  close  approximation  to  a  9  to  3  to  4  ratio.  They  suggest  that 
there  is  one  factor  for  sandy  and  a  separately  inherited  factor  which 
intensifies  sandy  to  red,  as  indicated  in  the  discussion  of  Table  V. 

In  order  to  reconcile  the  two  viewpoints  indicated,  it  is  possible  that 
the  same  conditions  apply  among  blacks  and  nonblacks,  except  that 
there  is  also  a  dilution  factor  linked  to  black  which  can  inhibit  one 
of  the  factors  causing  sandy  pigment,  in  the  absence  of  the  other,  thus 
producing  white.  The  factorial  representation  dependent  on  this 
suggestion  follows : 

5!=first  factor  producing  sandy  pigment. 
■S2=second  factor  producing  sandy  pigment. 
D  =dilution  factor  linked  to  black  inhibiting  S2. 
B  =factor  causing  black  pigment. 

On  this  hypothesis  the  factorial  representation  of  the  zygotes  of  the 
two  breeds  would  be  as  follows: 

Berkshire  =BD  BD  sx  sx  s2  s2. 
Duroc-Jersey=  bd  bd  Sx  Sx  S2  S2. 
Fj  =BD    bd  Sx    sx  S2   s2. 

The  F2  generation  carrying  black  would  then  be: 


jj=its  absence. 
jr2=its  absence. 
d  =its  absence. 
b  =its  absence. 


1  BD  BD  S,  Sx  S2  S2. 

Blacks  and  reds  J2  ££  %£  5i  si  S2   *2- 

2  BD  BDSt  st  S2  S2. 

4  BD  BD  St  sx  S2  s2. 


2  BD  bd  S,  S,  S2  S2. 
4  BD  bdSt  Si  S2  S2. 
4  BD  bd  Si  jj  S2  S2. 
8  BD  bd  Si   jj  S2   s2. 


Blacks  and  sandies ii  BD  BD  St  St 

[2  BD  BD  Si    Si 


s2  s2 


Blacks  and  whites \2  BD  BD 


1  BD  BD  Si  Si  S2  S2 


s,  s. 


02    ^2 


Li  BD  BD  j,  sx    s2   s2 
The  F2  generation  lacking  black  would  then  be: 


2  BD  bd  Si  Si  s2  st 
4  BD^jbd  Si   Si  s2  sa 

2  BD  bd  st  5j  S2  S2 
4  BD  bd  st  st  S2  s2 
2  BD  bd  Si  Si    s2    s2 


Reds. 


1  bd  bd  Sx  Si  S2  S2 

2  bd  bd  Si  Si  S2  s2 
2  bd  bd  Si  Si  S2  S2 
4  bd  bd  Si  Si  S2    s2 


1  bd  bd  Si  Si    s2    j2 

2  bd  bd  Si    Si    s2   s2 
1  bd  bd   st    Si  S2  S2 


Sandies 

2  bd  bd    s 
Whites 1  bdbd   s 


s,  S. 


2   s3 
s,   s7 
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The  expectations  on  this  basis  are  shown  in  Table  VII.  Aside  from 
the  superficial  agreement  between  the  expectations  quoted  and  the 
actual  numbers,  several  additional  facts  supporting  the  hypothesis  may 
be  mentioned.  In  both  the  blacks  and  nonblacks  the  reds  constitute 
nine-sixteenths  of  the  total  number,  and  therefore  red  pigment  depends 
upon  the  complementary  action  of  two  factors.  From  the  results  of  the 
back-cross  both  factors  must  be  present  in  the  Duroc- Jersey.  Also  the 
black-and-whites  constitute  one-fourth  of  the  black-carrying  pigs,  and 
therefore  differ  from  the  Fx's  by  one  important  factor.  Although  the 
numbers  are  small,  there  is  one  bit  of  additional  evidence  in  favor  of  the 
last  conclusion.  A  black-and-white  F,  sow  mated  back  to  her  sire  pro- 
duced five  pigs.  One  was  all  white,  two  were  black-and-white,  and  two 
were  black-and-red.  One  of  the  latter  had  a  sandy  belly.  On  the 
theory  that  the  white  of  the  dam  differed  by  only  one  factor  from  the 
red  of  Fx  the  expectation  was  that  half  the  pigs  would  show  white,  while 
upon  a  theory  that  white  depends  upon  the  absence  of  two  factors, 
whether  black  was  present  or  not,  only  one-fourth  of  them  would  have 
shown  white. 

One  other  point  in  regard  to  color  pattern  remains  to  be  discussed 
which  is  of  particular  interest  from  the  standpoint  of  determining  the 
color  factors  responsible  for  the  large  amount  of  black  on  the  pure-bred 
Berkshire.  That  point  is  the  size  and  extent  of  the  black  spots  on  the 
pigs  showing  black.  In  every  one  of  the  47  black-and-red  pigs  the  black 
was  present  in  small  spots  and  covered  relatively  little  of  the  area  of  the 
pig's  body  (PI.  2,  H).  What  little  unevenness  of  distribution  of  the  black 
spots  occurred  in  this  group  of  animals  consisted  in  the  spots  being  a  little 
more  frequent  along  the  underline  and  on  the  posterior  parts  of  the  ani- 
mals. In  some  of  the  sandy-and-black  animals  the  spots  were  similar 
to  those  on  the  black-and-reds;  in  others  the  spots  were  much  larger  and 
more  numerous.  In  most  of  the  black-red-and-whites,  black-sandy-and- 
whites,  and  black-red-and-sandies  the  black  was  relatively  abundant, 
often  covering  more  than  half  of  the  animal.  Every  one  of  the  black-and- 
whites  (Fig.  19)  possessed  more  black  than  the  average  of  the  black-and- 
reds,  and  the  average  amount  of  black  on  the  black-and-whites  exceeded 
that  of  any  other  group,  being  probably  a  little  more  than  half  the  body 
surface.  A  large  amount  of  variation  was  shown  among  the  black-and- 
whites,  for  they  varied  from  as  little  as  about  one- tenth  black  up  to  almost 
the  Berkshire  amount.  Since  no  pig  with  absolutely  perfect  Berkshire 
markings  was  produced  (PI.  2,  J)  the  evidence  indicates  that  the  Berkshire 
pattern  is  composed  of  the  fundamental  factor  for  black  spotting,  a  factor 
for  restricting  or  diluting  the  sandy  pigment,  and  at  least  two  or  three, 
probably  more,  independent  factors  which  operate  to  extend  the  black. 
The  small  amount  of  black  in  the  Fx  generation,  both  of  the  Berkshire  by 
Tamworth  cross  and  of  the  Berkshire  by  Duroc-Jersey  cross,  and  the  fact 
that  all  red-and-blacks  of  the  F,  generation  carry  a  similarly  small  amount 
of  black  are  strong  evidence  either  that  there  is  a  factor  which  strongly 
restricts  black  and  is  linked  with  red,  or  that,  as  Wright  suggests  (24), 
the  competition  between  the  two  processes  of  pigment  formation  precludes 
the  possibility  of  a  pig  possessing  both  an  intense  red  and  a  large  amount 
of  black.  The  large  average  amount  of  black  and  the  wide  variation  in 
the  pattern  of  the  black-and-white  pigs  indicate  that  the  extent  of  the 
black  spotting  is  influenced  by  many  extension  and  restriction  factors, 
even  when  free  from  the  influence  of  the  red. 
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CONCLUSIONS  WITH  RESPECT  TO  COLOR 

The  wild  hog  carries  a  single  factor  for  the  immature  striping  (adult 
agouti)  pattern  and  a  separate  factor  which  intensifies  that  pattern. 

There  is  an  hypostatic  factor  for  black  spotting  carried  by  the  wild  or 
by  the  Tamworth,  manifested  in  the  cross-bred  specimens  from  either 
breed. 

The  Tamworth  carries  a  more  effective  factor  complex  for  the  restric- 
tion of  black  than  does  the  Duroc- Jersey.  The  factor  for  wild  color  and 
pattern  is  not  completely  dominant  to  the  factor  or  factors  for  Tam- 
worth red. 

The  Berkshire  carries  a  single  factor  for  black  spotting  and  numerous 
independent  factors  for  the  extension  of  that  black.  Probably  the  Berk- 
shire also  carries  dilution  or  restriction  factors  for  sandy  pigment  and 
some  individuals  carry  a  factor  for  sandy  spotting. 

The  Duroc-Jersey  carries  two  factors  which  together  produce  the  red 
color  of  that  breed.  Cumulatively  one  acts  as  an  intensifier  to  the  other. 
This  breed  lacks  the  factor  for  black  spotting  but  possesses,  probably  linked 
to  one  of  the  factors  for  red,  at  least  one  factor  and  probably  more  for  the 
restriction  of  black. 

The  relations  between  the  various  shades  of  red,  between  the  various 
shades  of  sandy,  and  between  sandy  and  white  when  black  is  absent  are 
not  clear. 

There  are  three  somatically  distinct  types  of  red  "spotting."  One  is 
roaning,  a  second  is  an  irregular  spotting  of  red  on  a  lighter  ground  color, 
and  the  third  is  a  lighter  color  of  belly  than  of  sides  or  back.  This  last 
form  is  closely  related  to  the  agouti  and  striping  patterns. 

Striping  in  domestic  swine  is  a  rather  simple  case  of  "reversion." 

It  is  not  expected  that  all  of  these  conclusions  will  stand  in  every  detail 
the  test  of  further  research.  They  do,  however,  afford  hypotheses  of 
color  inheritance  in  the  breeds  of  swine  investigated  and  offer  a  working 
basis  for  further  research  by  which  they  may  be  extended  and  revised." 

DIFFERENCES  IN  GROWTH 

The  economic  importance  of  some  definite  knowledge  in  regard  to  fac- 
tors for  rapid  growth  may  be  surmised  from  the  extent  of  the  practice 
of  cross-breeding  hogs  in  order  to  secure  the  larger  size  and  greater  vigor 
of  the  Ft  hogs  for  market  purposes. 

Only  the  Berkshire  X  Duroc-Jersey  cross  was  extensive  enough  to 
furnish  significant  data  upon  this  point.  Since  they  were  not  all  born 
at  the  same  season  nor  even  in  the  same  year,  it  is  obvious  that  they  were 
not  exposed  to  identical  weather  conditions  nor  fed  rations  as  identical 
as  would  be  desirable  in  a  nutrition  experiment.  However,  it  was  the 
aim  always  to  feed  the  best  possible  ration  to  produce  the  maximum  prac- 
ticable gains  and  it  is  believed  that  the  data  are,  on  the  whole,  reasonably 
comparable. 

The  data  for  the  variability  of  the  Fx  and  F2  generations  are  presented 
separately  in  figure  i ,  where  the  curves  show  the  coefficients  of  variability 
for  the  monthly  weights  for  both  generations  from  birth  up  to  the  age  of 
14  months. 

6  Since  this  was  written  a  report  (3)  of  the  results  of  a  cross  between  mule-foot  and  Duroc-Jersey  swine 
has  been  published  which  agrees  closely  with  two  of  the  main  conclusions  reached  in  this  experiment, 
namely,  that  the  presence  of  black  as  contrasted  to  its  absence  is  dependent  upon  a  single  factor  and  that 
the  different  shades  of  red  are  due  to  the  interaction  of  a  few  independent  factors  which  do  not  affect  black. 
The  black  of  the  mule-foot  swine  behaved  like  that  of  the  American  Hampshire  as  far  as  it  has  yet  been 
analyzed,  but  whether  the  two  are  genetically  identical  is  still  undetermined. 
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Table  VIII  presents  the  data  from  which  these  curves  were  constructed. 
The  decrease  in  the  number  of  individuals  indicated  in  the  earlier  months 
was  due  both  to  deaths  and  to  the  fact  that  many  of  the  animals  were  still 
young  when  the  experiment  was  discontinued.  After  the  eighth  month 
the  decrease  was  due  mostly  to  sales.  This,  by  culling  out  the  larger 
individuals,  may  have  been  responsible  for  a  certain  amount  of  decrease 
in  variability  of  the  F2  generation  but  was  without  effect  upon  the  curve 
of  the  Ft  generation  for  there  were  no  sales  from  it  and  the  deaths 
seemed  to  be  normally  distributed  among  the  large  and  small  animals. 


I 
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Fig.  1. — Coefficients  of  variability  for  the  monthly  weights  of  the  Fi  and  Fj  generations  of  the  Berkshire 
X  Duroc-Jersey  cross.  The  solid  line  represents  curve  and  fitted  straight  line  for  the  F2  generation,  the 
dotted  line  the  curve  for  the  Fi  generation,  and  the  broken  line  the  fitted  straight  line  for  the  Fi  generation 

Table  VIII. — Variability  of  the  Fr  and  F2  generations. 


Age. 


Birth 

One  month 

Two  months.  .  .  . 
Three  months. .. 
Four  months.  .. . 
Five  months. . . . 

26550—23 


F, 

Fj 

Num- 

Coeffi- 

Num- 

ber of 

Mean 

Standard 

cient  of 

ber  of 

Mean 

Standard 

Indi- 

weight. 

deviation. 

varia- 

indi- 

weight. 

deviation. 

viduals. 

bility. 

viduals. 

Pounds. 

Pounds. 

13 

2.  46 

O.  498 

20.3 

136 

2.4 

0-547 

20 

13.2 

2.36 

17.88 

102 

IO.  07 

2.  62 

20 

25-65 

6-55 

25-54 

83 

18.89 

5-o 

19 

35-°5 

8.79 

25.08 

56 

32.88 

10.  04 

18 

47.72 

II.89 

24.  92 

55 

46.  29 

I5-52 

17 

61.94 

17.14 

27.  67 

5i 

64.71 

20.31 

Coeffi- 
cient of 
varia- 
bility. 


22.  77 
26.  02 
26.47 
30-54 

33-53 
3i-39 
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Table  VIII. —  Variability  of  the  Ft  and  F2  generations — Continued. 


Fi 

F2 

Age. 

Num- 
ber of 
indi- 
viduals. 

Mean 
weight. 

Standard 
deviation. 

Coeffi- 
cient of 
varia- 
bility. 

Num- 
ber of 
indi- 
viduals. 

Mean 
weight. 

Standard 
deviation. 

Coeffi- 

cent  of 

vari- 

bility. 

Six  months 

15 

15 
13 
13 
13 
12 
12 
11 
10 
10 
10 

Pounds. 

86.0 
115.  6 
I35-6I 
164.31 
189. 23 

I97-25 
218.  92 
225.36 
229.5 
226.  7 
242.  8 

19.  OI 

30.04 

33-i8 

32-32 
29.19 

28.38 

38.95 
29.05 

34-i 
41.  1 
41.  1 

22.  I 

25-99 
24.47 

19.67 

15-43 

14-39 
17.79 
12.  89 
14.86 
18.13 
16.  92 

48 
43 
43 
32 
33 

19 
11 

9 

7 
2 

Pounds. 

87-54 
113.  0 
130.  46 

137-  19 
I59-27 
166.  79 

l8l.55 
202.  33 

223. 57 
195 

25.76 
28.  58 
36.O 
38.71 
37-71 
48.  12 

36.5 

40.83 

32.25 

29-43 
25.29 

27-59 
28.  22 

23.68 

28.85 

20.  I 

20.  I 

14-43 

Seven  months 

Eight  months 

Nine  months 

Ten  months 

Eleven  months 

Twelve  months .... 
Thirteen  months.  . . 
Fourteen  months. . . 
Fifteen  months .... 

Sixteen  months.  . . . 

The  outstanding  fact  of  genetic  importance  is  that  the  variability  of 
the  F2  generation  is  distinctly  greater  than  that  of  Fr  That,  to  be  sure, 
is  what  was  to  be  expected  from  the  genetic  standpoint,  and  it  is  in  agree- 
ment with  the  experience  of  practical  breeders.  It  is  definite  proof  of 
two  facts :  First,  some  of  the  factors  which  have  the  power  to  stimulate 
growth  are  not  identical  in  the  Duroc-Jersey  and  the  Berkshire  breeds; 
second,  there  is  some  degree  of  ho  mo  zygosis  for  these  growth-stimu- 
lating factors  within  the  limits  of  each  breed.  To  what  extent  being 
pure-bred  from  the  standpoint  of  the  breed  registry  society  indicates 
homozygosis  for  these  growth  factors ;  whether  the  number  of  factors  in- 
volved can  be  determined;  whether  the  differences  of  growth  indicate 
differences  in  the  identity  of  the  factors  or  merely  differences  in  the  com- 
binations; and  whether  these  factors  are  so  linked  in  groups  as  to  make 
recombination  of  the  desirable  ones  impossible,  or  at  least  impracticable— 
these  are  all  interesting  questions  which  these  data  raise  but  are  too 
meager  to  answer. 

Other  interesting  questions  which  are  not,  however,  primarily  genetic, 
relate  to  the  shape  of  the  curve.  The  maximum  variability  seems  to  be 
reached  at  or  shortly  following  weaning  time  and  coincides  with  the 
period  of  the  lowest  mortality.  Does  this  mean  that  the  best  time  to 
select  breeding  stock  for  size  and  early  maturity  is  when  they  are  from 
3  to  6  months  old?  Of  course  it  was  impracticable  to  keep  the  hogs, 
which  were  not  desired  for  breeding  purposes,  until  they  were  2  or  3 
years  old,  and  therefore  there  is  still  left  open  the  question  as  to  whether 
the  hogs  would  not  have  finally  become  more  uniform  in  size;  that  is, 
as  to  whether  the  differences  were  in  potential  size  or  in  earliness  of 
maturity. 

Plate  2,  K,  is  a  photograph  of  one  of  the  F2  litters  most  extreme  in 
its  range  of  variation  in  growthiness.  These  four  individuals  had  received 
identical  treatment,  and  none  of  them  had  ever  been  recorded  as  sick, 
yet  when  this  photograph  was  taken,  when  they  were  being  marketed  at 
the  age  of  11  months,  the  weights  were,  from  left  to  right,  221,  293,  90, 
and  170  pounds.  Possibly  more  animals  are  born  runts  than  is  com- 
monly believed. 
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MAMMARY   PATTERN 


This  subject  was  treated  by  the  senior  author  in  a  detailed  study  (21) 
based  upon  many  more  data  than  are  available  in  this  experiment. 
Therefore,  the  present  data  will  merely  be  briefly  summarized  in  so  far 
as  they  bear  upon  the  following  points,  which  are  discussed  in  detail 
in  the  original  study. 


SEAT  OF  THE   GREATEST  VARIATION 


The  frequency  of  the  occurrence  of  the  nipples  and  the  variations 
in  their  positions  are  presented  in  Table  IX.  The  method  of  counting 
the  position  of  the  mammae  is  the  same  as  that  used  in  the  original  paper. 

Table  IX. — Number  and  position  of  nipples  of  all  pigs 


Number  and  frequency  of  pair — 

1                iH 

3 

2J4 

3 

3'A 

4 

Number  of  nipples. . . . 
Frequency  mammae . . 
Frequency  variations . 

536                 3 
98.52            .56 

1-48    

466 
86.3 
13-7 

39 
7.  22 

495 
90.  92 
9.07 

6 
1.  11 

498 
92.  22 
7.78 

Number  of  nipples. 
Frequency  mammae . . 
Frequency  variations . 


Number  and  frequency  of  pair- 

4^ 

5 

s' 

6 

6'A 

7 

16 
3-29 

423 
86.32 
13.68 

46 
9-39 

268 
8l.  21 
18.79 

II 
8-33 

124 

93-93 
6.06 

7X 


Number  and  frequency  of 
pair — 


8J4         Inguinal. 


Number  of  nipples 3 

Frequency  mammae 75 

Frequency  variations 25 


25 


536 
98.53 
1.47 


The  second  wild  boar  himself  possessed  but  four  pairs  of  mammae 
and  the  number  of  mammae  in  his  offspring  was  so  uniformly  less  than 
in  animals  of  the  domesticated  breeds  that  the  wild  boars  and  all  then- 
descendants,  which  are  included  in  Table  IX,  are  grouped  separately 
in  Table  X. 

Table  X. — Number  and  position  of  nipples  of  wild  boars  and  descendants 


Number  and  frequency  of  pair — 

1 

ilA 

2 

2M 

3 

z% 

4 

Number  of  nipples.  . .  . 
Frequency  mammae.  . 
Frequency  variations . 

ill 
99.  I 
•9 

99 
88.39 

11.  61 

6 
5-36 

104 
92.86 
7.14 

1 
•9 

96 

88.89 
11.  11 
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Table  X. — Number  and  position  of  nipples  of  wild  boars  and  descendants — Continued. 


Number  of  nipples. . . 
Frequency  mammae . 
Frequency  variations . 


Number  and  frequency  of  pair — 


& 


7 

6.48 


58 

85.29 

14.71 


5lA 


2 
2.94 


7 

87-5 
12.5 


Inguinal. 


Ill 
99.  I 
•9 


Evidently  the  smaller  number  of  mammae  possessed  by  the  wild  race 
is  inherited  to  some  extent,  but  whether  as  an  independent  character  or 
because  correlated  with  other  body  structures  is  not  disclosed  by  these 
data. 

Using  the  data  in  Table  VIII  and  arranging  the  pairs  in  the  order  of 
frequency  of  variation,  the  following  sequence  results:  Sixth,  second, 
fifth,  third,  fourth,  seventh,  and  inguinal.  (The  eighth  was  discarded 
because  of  small  numbers.)  This  sequence  duplicates  exactly  that  found 
in  the  original  study,  except  that  there  was  no  seventh  pair  in  those 
animals. 

The  rank  of  the  point  of  most  frequent  appearance  of  the  triangle 
pattern  is  as  follows: 


Percentage 
of  pigs  of 
the  wild 


Between  fifth  and  sixth — 
Between  sixth  and  seventh 
Between  second  and  third . 
Between  fourth  and  fifth. . . 
Between  third  and  fourth . . 
Between  first  and  second. . 


2.94 


5-36 
6.48 

•9 


This  agrees  almost  exactly  with  the  previous  results.  (The  triangle 
at  8 yi  is  not  included  because  of  the  small  numbers.) 

The  rank  of  the  point  of  most  frequent  suppression  of  a  nipple  was  as 
follows : 


Second  pair . 
Fourth  pair. . 
Sixth  pair .  . . 

Fifth  pair 

First  pair 

Third  pair.. . 
Inguinal  pair 


Percentage 
of  pigs  of 
the  wild 


6.25 
3-7° 


I.47 
.89 
.89 
.89 
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While  this  does  not  agree  exactly  with  the  previous  results,  still  no 
pair  is  further  than  two  places  from  its  original  rank,  and,  in  general, 
the  order  is  similar. 

RELATION  BETWEEN  NUMBER  OF  MAMMAE  AND  ASYMMETRICAL  VARIATIONS 

To  determine  the  relation  between  the  number  of  mammae  and  the 
frequency  of  the  suppressed  nipple  or  the  triangle  variations,  the  animals 
were  grouped  as  shown  in  Table  XL  Twelve  animals  possessed  both 
variations  and  are  counted  twice. 

Table  XI. — Relation  between  number  of  mammae  and  frequency  of  suppressed  nipple 


Number  of  animals  of  each 
class  with  all  even  pairs  of 
mammae , 

Per  cent 

Number  of  animals  of  each 
class  with  triangle 

Per  cent 

Number  of  animals  of  each 
class  with  suppressed  mam- 
mae  

Per  cent 


Pair  No.  4 


2 
IOO 


Pair  No.  5 


26 

96-3 


I 
3-7 


Pair  No.  6 


42 
5I-85 

21 

25-93 


18 
22.  22 


Pair  No.  7 


51 

36-43 

68 
48.59 


21 

15.0 


Pair  No.  8. 


5 
II.36 

20 

47-5 


19 

45-45 


Pair  No.  9. 


3 
67 


I 

33 


The  increased  percentage  of  animals  with  two  types  of  variations 
among  the  animals  with  a  larger  number  of  mammae  speaks  for  itself. 

INHERITANCE  OF  THE  TWO   FORMS  OF  VARIATION 

Nothing  could  be  learned  in  regard  to  this  point  from  these  data 
because  of  the  smallness  of  numbers  and  because  the  only  boars  with 
any  considerable  number  of  offspring — the  second  wild  boar  and  the  Fx 
boar  of  the  Berkshire  X  Duroc  Jersey  cross — lacked  both  variations. 
The  only  female  having  a  very  large  number  of  offspring — the  Fx  Duroc- 
Jersey  sow — possessed  the  suppressed  mammae  herself,  but  produced 
some  offspring  having  an  even  pattern,  others  having  a  triangle,  others 
with  a  suppressed  mammae,  and  others  with  both  variations  when  mated 
to  her  son  with  an  even  pattern,  and  still  others  with  a  triangle  when 
mated  to  a  Berkshire  boar  whose  pattern  is  not  recorded. 


RUDIMENTARY    MAMMAE   TO   THE   REAR   OF  THE    INGUINAL   PAIR 

The  possession  of  this  pair  of  mammae  which  is  low  upon  the  scrotum 
of  the  male  or  upon  the  inner  part  of  the  rear  thighs  of  the  female,  has 
been  described  (21)  as  a  sex-limited  character  due  to  a  factor  which  is 
dominant  in  males  but  recessive  in  females,  and  as  a  sex-linked  char- 
acter (22)  for  which  the  male  is  the  simple  X  sex.  However,  it  appears 
that  the  latter  interpretation  is  faulty  in  view  of  certain  data  presented 
in  the  original  article  (22)  in  which  this  interpretation  was  advanced. 
These  data  are  those  which  show  that  there  resulted  from  the  mating 
of  boars  with  rudimentaries  to  sows  with  rudimentaries,  offspring  in 
the  ratio  of  two  boars  possessing  rudimentaries  to  one  female  possessin 
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them  to  one  female  lacking  them.  The  occurrence  of  the  female  lacking 
rudimentaries  appears  inexplicable  upon  the  sex-linked  basis,  and  to 
that  extent  the  original  sex-limited  interpretation  appears  more  nearly- 
correct.  This  is  especially  true  because  the  only  published  evidence 
against  it  has  been  the  purely  negative  evidence  of  failure  to  find  a  boar 
homozygous  for  the  factor  for  rudimentary  mammae.  The  sex-linked 
interpretation  is  therefore  abandoned. 

However,  the  data  disclosed  in  the  present  experiments  do  not  com- 
pletely support  the  sex-limited  interpretation,  although  clearly  indi- 
cating that  the  character  is  in  some  way  involved  with  sex.  The 
authors  are  somewhat  at  a  loss  to  know  how  to  regard  these  data.  The 
aberrant  individuals  indicated  in  Table  XII  were  recorded  by  three 
separate  persons,  none  of  whom  was  the  senior  author,  who  had  had  the 
greatest  experience  in  recognition  of  the  character.  The  fact  of  his  ab- 
sence in  the  military  service  made  it  impossible  for  him  to  check  the 
records,  hence  they  are  presented  for  what  they  are  worth  in  the  belief 
that  their  publication  is  less  open  to  criticism  than  their  suppression. 
With  the  exception  of  one  female  recorded  as  possessing  rudimentaries 
which  is  discussed  later,  it  will  be  noted  that  the  aberrant  animals  possibly 
result  from  errors  of  omission  rather  than  of  commission,  hence  it  is 
probable  they  represent  a  lack  of  uniformity  in  observation  among  the 
different  people  connected  with  recording  the  data  of  the  study.  The 
data  as  recorded  from  the  different  types  of  matings  are  given  in  Table 
XII. 


Table  XII. — Distribution  of  rudimentaries  in  the  offspring 


Character  of  parents . 

Number 

of 
matings 
included. 

Number 

of 

litters 

included. 

Males. 

Females. 

With. 

Without. 

With. 

Without. 

Both  with  rudimentaries 

Both  without  rudimentaries .  . . 
Male  with ,  female  without .... 
Male  without,  female  with  .... 

9 

4 

i 
i 

16 

5 
4 

2 

56 

8 

1 

21 

12 

11 

4 

33 

37 
22 

10 

11 

The  numbers  in  bold-faced  type  are  those  which  were  unexpected 
according  to  the  original  sex-limited  interpretation  of  the  inheritance  of 
this  character.  The  female  with  rudimentaries  produced  in  the  fourth 
type  of  mating  is  quite  certainly  wrongly  classified,  for  the  record  shows 
her  to  have  only  one  rudimentary  and  a  mammary  pattern  so  irregular 
that  it  is  probable  the  one  described  as  a  rudimentary  is  really  the  last 
mamma  of  the  abdominal  series. 

Omitting  the  questionable  female  from  consideration,  the  following 
discussion  is  offered  of  the  results  in  Table  XII.  Except  for  one  litter 
in  the  first  type  of  mating,  all  litters  in  the  first  and  third  types  were 
sired  by  the  same  male,  the  Fx  Berkshire-Duroc-Jersey  boar,  and  the 
dam  of  the  one  mating  of  the  third  type  and  the  dams  of  seven  of 
the  nine  matings  of  the  first  type  were  all  full  sisters  to  each  other  and 
to  the  boar.  In  spite  of  this  close  relationship,  these  matings  when 
considered  individually  do  not  show  a  normal  range  of  distribution  in 
the  ratios  of  males  with  rudimentaries  to  males  without.  Instead,  four 
of  the  nine  matings  in  the  first  type  show  approximate  equality  of  males 
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with  and  males  without  rudimentaries.  The  other  five  matings  show 
altogether  only  2  males  without  the  rudimentaries  and  32  with  the 
character.  The  data  do  not  furnish  critical  evidence  as  to  whether 
there  are  different  genotypes  among  the  females  or  whether  there  is 
merely  a  quite  abnormal  distribution.  The  numbers,  of  course,  are  not 
large,  but  they  approximate  so  closely  a  simple  3  to  1  ratio  for  the 
males  and  a  simple  1  to  1  ratio  for  the  females  from  the  first  type  of 
mating  that  they  suggest  strongly  that  the  true  explanation  must  be 
simple. 

All  the  animals  of  the  first  and  third  types  were  entirely  Berkshire 
and  Duroc- Jersey  in  their  ancestry.  Three  matings  of  the  second  type 
were  entirely  Tamworth  and  wild  in  their  ancestry,  and  the  fourth  mating 
of  this  type  was  between  a  pure-bred  Berkshire  boar  and  a  pure-bred  Tam- 
worth sow.  The  only  mating  of  the  fourth  type  was  between  a  pure-bred 
Berkshire  sow  and  the  wild  boar.  Hence  it  appears  at  least  possible  that 
there  may  exist  differences  between  the  breeds  in  respect  to  the  factor 
complex  which  cause  this  pair  of  mammae  to  be  present.  Thus,  the 
matings  of  the  second  and  fourth  types,  which  produce  the  small  per- 
centages of  progeny  with  rudimentary  mammae  (or  none  at  all)  include 
all  the  matings  in  which  either  Tamworth  or  wild  blood  is  involved. 
Likewise  all  the  matings  in  the  first  and  third  types  involve  only  Duroc- 
Jersey  and  Berkshire  blood,  most  of  them  being  matings  between  F1 
individuals.  It  is  worthy  of  note  that  the  original  theory  of  sex-limited 
inheritance  of  this  character  was  based  almost  entirely  upon  data  obtained 
from  high-grade  or  pure- bred  Duroc-Jersey  animals  (21). 

It  is  not  possible  from  these  data  to  show  clearly  which  of  the  expres- 
sions of  the  character  is  the  dominant  one.  From  the  evidence  of  the 
matings  of  the  first  and  second  types  it  would  seem  that  the  possession 
of  the  rudimentaries  was  the  dominant  form  of  the  character,  since 
parents  lacking  them  produce  only  offspring  like  themselves  while 
parents  possessing  them  produce  both  kinds  of  offspring.  However, 
such  an  hypothesis  entirely  fails  to  explain  the  great  preponderance  of 
progeny  without  the  character  in  the  matings  of  the  third  and  fourth 
types. 

Since  the  numbers  of  animals  in  this  study  are  so  much  smaller  than  in 
those  previously  reported  by  the  senior  author,  and  since  there  was  so 
much  confusion  incidental  to  the  entering  into  the  military  service  of 
three  of  the  four  men  connected  with  the  records  on  this  work,  it  is 
believed  best  not  to  consider  the  evidence  critical  until  further  data  are 
secured  which  either  support  or  discount  the  present  records. 
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PLATE  i 

A. — The  second  wild  boar  used  in  these  experiments.  (Courtesy  of  the  Iowa 
Agricultural  Experiment  Station.) 

B. — Two  pure-bred  Tamworth  sows  and  a  litter  out  of  one  of  them  by  a  wild  boar. 
The  pigs  are  about  6  weeks  old . 

C. — The  F,  boar  whose  ears  were  not  erect.  Not  used  in  breeding.  Berkshire 
X  Duroc- Jersey  cross. 

D. — A  Berkshire  X  Duroc- Jersey  Fl  barrow  showing  the  almost  complete  dominance 
of  the  Berkshire  shape  of  ear  and  face. 

E. — The  Duroc- Jersey  sow  that  was  the  dam  of  all  the  Fj  breeding  animals  in  the 
Berkshire  X  Duroc- Jersey  cross. 

F. — Two  Fjj  individuals  showing  the  segregation  of  ear  shapes.  Berkshire  X  Duroc- 
Jersey  cross. 

G. — The  "pompadour"  Berkshire  type  of  forehead  as  seen  on  an  F2  individual 
of  the  Berkshire  X  Duroc- Jersey  cross. 

H. — An  Ft  barrow  with  exceptionally  straight  face.  Berkshire  X  Duroc-Jersey 
cross. 

I. — A  particularly  long-faced  individual.  F,  generation  of  Berkshire  X  Duroc- 
Jersey  cross. 

J. — Two  F2  litters  of  the  Berkshire  X  Duroc-Jersey  cross,  showing  the  diversity 
of  colors  produced. 
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PLATE  2 

A. — The  Ft  wild  X  Tarn  worth  boar  and  the  second  wild  boar. 

B. — The  Fj  boar,  sire  of  all  the  F2  pigs  of  the  Berkshire  X  Duroc- Jersey  cross. 

C. — A  self-red  F2  barrow.     Berkshire  X  Duroc- Jersey  cross. 

D. — An  F2  barrow,  red  with  a  sandy  belly  when  born,  white  when  mature.  Berk- 
shire X  Duroc- Jersey  cross. 

E. — A  common  type  of  "reversion."  A  striped  pig  of  ordinary  mixed  domestic 
ancestry.     (Courtesy  of  the  Department  of  Genetics,  University  of  Wisconsin). 

F. — An  F,  boar,  red  with  a  sandy  belly.     Berkshire  X  Duroc-Jersey  cross. 

G. — An  F3  litter.  Eight  pigs  of  the  n  which  showed  stripes  and  light  bellies. 
Berkshire  X  Duroc-Jersey  cross. 

H. — A  red-and-black  F2  pig  showing  the  average  amount  of  black.  Berkshire  X 
Duroc-Jersey  cross. 

I. — A  black-and-white  F2  pig  showing  the  average  amount  of  black.  Berkshire 
X  Duroc-Jersey  cross. 

J. — The  black-and-white  F2  pig  which  most  nearly  approached  the  Berkshire 
standard  as  to  the  amount  of  black.     Berkshire  X  Duroc-Jersey  cross. 

K. — Four  litter  mates  from  the  F2  generation.  Note  the  variation  in  size.  Berk- 
hire   X  Duroc-Jersey  cross. 
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EARLY  VIGOR  OF  MAIZE  PLANTS  AND  YIELD  OF 
GRAIN  AS  INFLUENCED  BY  THE  CORN  ROOT, 
STALK,  AND  EAR  ROT  DISEASES » 

By  JamES  R.  Holbert,  Agronomist,  Office  of  Cereal  Investigations,  Bureau  of  Plant 
Industry,  United  States  Department  of  Agriculture;  W.  L.  Buruson,  Head  of  Depart- 
ment of  Agronomy  and  Chief  of  Division  of  Crop  Production,  Illinois  Agricultural 
Experiment  Station;  H.  Howard  Bigg ar,  formerly  Scientific  Assistant,  Office  of  Cereal 
Investigations,  Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture; 
Benjamin  KoehlER,  Assistant  Pathologist,  Office  of  Cereal  Investigations,  Bureau  of 
Plant  Industry,  United  States  Department  of  Agriculture;  GEORGE  H.  Dungan,  Associate 
in  Crop  Production,  Illinois  Agricultural  Experiment  Station;  and  MERLE  T.  Jenkins, 
Scientific  Assistant,  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United 
States  Department  of  Agriculture2 

PURPOSE  OF  THE  PAPER 

The  purpose  of  this  paper  is  (1)  to  emphasize  the  important  relation 
existing  between  early  vigor  and  yield  of  dent  (Zea  mays  indentata), 
(2)  to  call  attention  to  the  reduction  in  early  vigor  of  corn  plants  grown 
from  seed  infected  with  one  or  more  of  the  corn  root  and  stalk  rot  patho- 
genes  or  seed  susceptible  to  the  root  and  stalk  rots,  and  (3)  to  present 
data  bearing  directly  on  the  correlation  between  this  reduced  early  vigor 
and  reduced  yield,  with  special  reference  to  reduced  yield  of  marketable 
corn. 

A  study  of  any  field  of  corn,  especially  during  the  first  few  weeks  after 
the  plants  have  appeared  above  the  ground,  reveals  striking  differences 
in  plant  vigor.  These  differences  in  early  vigor  may  be  caused  by  many 
factors  and  may  express  themselves  in  both  the  size  and  appearance  of 
the  plants. 

REVIEW^OF  LITERATURE 

Darwin  (7) 3  found  that  maize  plants  grown  from  self-fertilized  seed 
were  slower  growing  and  less  vigorous  than  plants  grown  from  cross- 
fertilized  seed.  Beal,  of  the  Michigan  Agricultural  Experiment  Station 
(28),  in  1877-1882  reported  an  increase  in  both  vigor  and  yield  in  first- 
generation  hybrids  when  certain  unrelated  varieties  were  crossed.  He 
urged  the  commercial  utilization  of  this  increased  vigor  as  a  method  of 
increasing  yields.  The  results  of  the  early  experiments  of  Beal  were 
confirmed  by  other  workers.  Collins  (5,  6)  found  that  many  crosses 
between  diverse  types  of  maize  resulted  in  greatly  increased  vigor,  a 
wider  range  of  adaptability,  and  increased  productivity. 

1  Accepted  for  publication  May  37,  1933. 

*  The  authors  are  indebted  to  Messrs.  C  E.  Dodge.  A.  T.  Evans,  E.  H.  Toole,  R.  W.  Stark,  D.  F. 
Bracken,  W.  M.  Winters,  G.  J.  Burt,  J.  K.  Reiley,  and  E.  M.  D.  Bracker  for  valuable  assistance  during 
the  investigations  and  the  preparation  of  the  manuscript. 
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Studies  by  East  (9,  jo),  Shull  {36),  East  and  Hayes  (11),  Jones  (24), 
and  East  and  Jones  (12),  with  inbred  strains  or  biotypes,  showed  that 
one  of  the  effects  of  inbreeding  in  maize  was  a  reduction  of  vigor  and 
yield.  Crossing  unrelated  inbred  strains  greatly  increased  vigor  and 
yield.  They  (11)  state  that  "inbreeding  always  reduced  the  yield  of  seed 
and  the  height  and  delayed  the  time  of  flowering."  These  workers  pointed 
out  that  reduction  in  vigor  due  to  inbreeding  may  or  may  not  be  accom- 
panied by  pathologic  symptoms  (11).  An  illuminating  discussion  on 
inbreeding  and  hybrid  vigor,  or  heterosis,  together  with  an  extensive 
bibliography,  is  given  by  East  and  Jones  (12). 

In  his  investigations  of  the  chlorophyll  inheritance  in  maize,  Lindstrom 
(27)  observed  "a  general  correlation  between  chlorophyll  factors  and 
plant  growth." 

Ewing  (13)  obtained  the  following  correlations  with  Funk  Yellow 
Dent: 

Weight  of  grain  and  diameter  of  stalk +0.  393  ±0.  020. 

Weight  of  grain  and  breadth  of  leaf +  .  3 14  ±  .  02 1. 

Weight  of  grain  and  height  of  seedlings +  •  219  ±  .  037. 

Weight  of  grain  and  height  of  mature  plants +  .  203  ±  .025. 

He  expressed  the  belief  that  very  little  use  could  be  made  of  correla- 
tion in  practical  corn  breeding.  He  stated  that  there  were  rare  cases  in 
which  the  coupling  of  unit  characters  may  assist  the  breeder  in  making 
selections  at  an  early  period  of  growth,  but  that  the  correlation  in  the 
fluctuating  variability  of  two  different  characters  is  not  likely  to  prove 
of  much  assistance. 

Pearl  and  Surface  (30)  made  a  study  of  growth  and  variability  in 
sweet  corn  in  the  summer  of  1908.  Growth  measurements  of  a  large 
number  of  plants  were  made  at  intervals  of  three  and  one-half  days, 
beginning  on  June  1 1  and  continuing  until  growth  was  completed.  They 
found  that  the  relative  variability  of  height  decreased  as  the  season 
advanced  and  was  on  the  average  about  10  per  cent  lower  in  the  matured 
plants  than  at  the  beginning  of  the  season.  During  the  tasseling  period 
a  marked  increase  in  variability  was  noted,  followed  by  a  gradual  decline. 
Their  experiments  demonstrated  that  plants  relatively  vigorous  or  weak 
at  the  beginning  of  the  season  tend  to  retain  this  comparative  vigor.  They 
regarded  the  differences  in  manner  of  growth  as  due  to  independent 
Mendelian  factors  distributed  at  random  in  the  population  of  open- 
fertilized  plants. 

Reed  (31)  studied  the  growth  of  a  number  of  sunflower  plants  (Heli- 
anthus  annuus  L.).  Measurements  of  the  plants  were  made  in  centi- 
meters at  7-day  intervals  during  the  greatest  period  of  growth.  The  plants 
were  grouped  in  four  equal  numerical  divisions  called  quartiles,  on  the 
basis  of  size.  The  season's  study  of  the  plants  in  these  quartiles  showed 
a  well  marked  tendency  to  remain  in  a  given  quartile  during  the  entire 
period  of  growth.  Plants  small  at  maturity  generally  had  been  small 
from  the  beginning  and  those  large  at  maturity  had  a  well-marked  supe- 
riority from  the  start.  Reed  (31)  found,  as  did  Surface  and  Pearl  (30), 
that  height  was  determined  by  independent  height  factors  distributed  at 
random  through  the  segregating  population  which  he  studied. 

Hughes  (22)  made  extensive  measurements  of  plants  during  two  years, 
involving  828  ear  rows.  He  found  that  plants  highest  at  the  first  meas- 
urement made  the  most  rapid  average  height  increment  per  plant  and 
produced  the  greatest  yield.  Plants  from  horny  kernels  made  a  more 
rapid  height  increment  than  plants  from  starchy  kernels  and  also  produced 
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the  greater  yields.  Kyle  (26)  found  that  corn  plants  making  a  vigorous 
early  growth  gave  greater  yields  than  those  that  were  weak  in  their  early 
stages  of  development.  Grantham  (14)  studied  the  development  and 
maturity  of  100  hills  of  corn  where  a  weak  plant  was  growing  with  a 
vigorous  one.  From  50  of  the  hills  he  removed  the  weak  plant  and  from 
50  others  he  removed  the  vigorous  plant.  Measurements  taken  at  dif- 
ferent dates  showed  that  the  vigorous  plants  made  the  most  rapid  early 
growth  and  the  greatest  yield  of  shelled  corn  per  plant.  The  vigorous 
plants  tasseled  on  the  average  about  nine  days  earlier  than  the  weak 
plants. 

From  time  to  time  various  investigators  have  attributed  the  cause  of 
slow  and  irregular  growth  in  maize  to  the  influence  of  pathogenic 
organisms.     Burrill  (3)  in  discussing  a  bacterial  disease  of  corn  said: 

The  first  indication  of  the  disease  in  a  field  of  corn,  as  noticed  in  ordinary  observation, 
is  the  dwarfed  condition  of  the  young  plants. 

Duncanson  (8)  noted  that  diseased  plants  were  dwarfed,  slender,  and 
generally  unhealthy.  Stewart  (37) ,  working  with  sweet  corn  (Zea  mays 
saccharatd) ,  noted  that — 

usually,  the  small  plants  are  the  first  to  succumb  to  the  disease,  which  fact  suggests 
that  the  disease  may  be  the  cause  of  their  slow  growth.  This  suspicion  was  confirmed 
by  microscopic  examination.  Plants  green  and  apparently  healthy  except  for  their 
small  size,  were  found  to  contain  a  considerable  quantity  of  the  bacterium  in  their 
vessels,  while  in  the  larger,  more  vigorous  plants,  the  bacterium  could  not  be  found. 
However,  in  wet  weather  the  bacterium  may  sometimes  be  found  in  quite  vigorous 
plants. 

Selby  (34)  noted  conditions  similiar  to  those  described  by  Burrill. 
Later  he  (35)  stated  that  the  root  rot  of  corn  caused  a  dwarfing  of  the 
plants  and  a  failure  of  the  stalk  to  produce  an  ear.  Hoffer  and  Holbert 
(15)  pointed  out  that  the  use  of  diseased  seed  corn  was  one  of  the  causes  of 
high  percentages  of  blighted  and  stunted  plants  and  subsequent  un- 
satisfactory yields.  Rosen  (32),  in  describing  a  bacterial  disease  of 
corn,  noted  that  the  diseased  plants  could  be  recognized  easily  by  the 
short,  stunted  nature  of  the  stalks.  Holbert,  Dickson,  and  Biggar  (16) 
conducted  experiments  in  which  half  of  the  hills  were  inoculated  at 
planting  time  with  a  pure  culture  of  Gibberella  saubinetii  (Mont.)  Sacc. 
They  summarized  their  results  as  follows : 

In  the  inoculated  hills  germination  was  lowered,  early  "growth  retarded,  relative 
vigor  during  the  season  reduced,  and  grain  production  lessened. 

The  pathogene  with  which  they  were  inoculated  was  readily  recovered 
from  the  diseased  plants  during  the  seedling  stage.  They  stated  further 
that— 

Plants,  strong  or  weak  in  the  early  stages  of  growth,  had  a  tendency  to  retain  this 
relative  vigor  throughout  the  season .  Average  grain  production  was  directly  correlated 
with  rate  of  early  growth  and  early  vigor. 

Trost  and  Hoffer  (38)  found  that  starchy  ears  of  corn  of  certain  dent 
varieties  produced  larger  numbers  of  weak-growing  and  root  rot  sus- 
ceptible plants  in  the  field  and  yielded  less  per  acre  than  the  plants  from 
ears  of  more  horny  composition,  irrespective  of  whether  or  not  the  starchy 
kernels  were  infected  with  Fusarium  spp.  before  planting. 

Baker  (2),  Butler  (4),  Palm  (29),  Rutgers  (33),  and  others  working  in 
the  Orient  have  found  that  the  downy  mildews  (Sclerospora  spp.)  in 
attacking  young  maize  plants,  cause  a  serious  stunting  in  their  early 
growth.  Plants  so  affected  seldom  produce  grain.  A  complete  descrip- 
tion of  this  disease  is  given  by  Weston  (39). 
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EXPERIMENTAL  METHODS 

The  investigations  here  reported  include  data  on  approximately  153,000 
corn  plants  grown  (1)  in  experimental  plots  in  the  vicinity  of  Bloomington, 
111.,  in  the  four  years  19 18  to  1921,  on  uniform,  well-drained,  fertile  soil, 
classified  by  the  Illinois  Soil  Survey  (18)  as  brown  silt  loam;  (2)  on  the 
Agronomy  South  Farm  of  the  Illinois  Agricultural  Experiment  Station, 
University  of  Illinois,  Urbana,  a  brown  silt  loam  (19);  and  (3)  on  an 
experimental  plot  near  Yates  City,  111.,  also  a  brown  silt  loam  (20).  The 
seed,  representing  varieties  differing  in  length  of  growing  season,  was  all 
selected  before  a  killing  frost,  carefully  dried,  and  properly  stored. 

The  term  "relatively  disease-free,"  wherever  used  in  the  tables,  refers 
to  seed  showing  no  symptoms  of  infections  by  any  of  the  root  and  stalk 
rot  pathogenes,  including  species  of  Gibberella,  Fusarium,  and  Diplodia. 
This  information  was  obtained  by  testing  representative  samples  on  the 
limestone-sawdust  table  germinator  described  by  Holbert  and  Hoffer  (17). 
The  term  "diseased"  refers  to  seed  showing  such  infections  when  tested 
by  this  same  method.  The  testing  of  every  kernel  of  a  great  number  of 
seed  ears  has  given  abundant  evidence  that  usually  not  all  the  kernels 
on  ears  classed  as  "relatively  disease-free"  are  actually  free  from  infec- 
tions. Nor  is  every  kernel  on  ears  classed  as  diseased  actually  infected; 
in  fact,  the  percentage  of  infected  kernels  in  any  of  the  diseased  seed  lots 
used  usually  was  less  than  50.  The  term  "nearly  disease-free"  refers 
to  seed  lots  as  nearly  free  from  infection  as  it  was  possible  to  have  them. 

The  plots  were  hand  planted  in  hills  42  inches  apart  each  way  at  the 
rate  of  three  kernels  per  hill.  Great  care  was  exercised  throughout  the 
season  to  avoid  mechanical  injury  of  the  plants  during  cultivation  and  to 
guard  against  ravages  of  insect  pests  and  rodents,  but  no  attempt  was 
made  either  to  thin  to  a  uniform  stand  or  to  correct  for  differences  in 
stand.  When  there  was  any  appreciable  damage  due  to  these  causes 
the  experiments  were  discarded  entirely.  Both  acre  yields  and  indi- 
vidual plant  yields  were  recorded  in  terms  of  the  weight  of  dry  shelled 
corn.     Acre  yields  have  been  reduced  to  a  uniform  moisture  basis. 

Measurements  and  other  readings  taken  in  connection  with  these 
investigations  were  not  made  on  plants  selected  at  random;  every  indi- 
vidual plant  in  each  of  the  various  experiments  herein  reported  was 
measured  and  the  measurements  were  included  in  the  data.  Plant 
height  was  measured  to  the  tip  of  the  tallest  leaf.  Stalk  circumference 
was  measured  at  the  middle  of  the  first  internode  above  the  ground 
surface. 

Each  plant  was  studied  in  the  early  growth  stages  from  the  standpoint 
of  vigor  and  classified  as  either  vigorous,  semivigorous,  or  weak.  This 
classification  was  based  on  the  general  appearance  of  the  plant,  including 
size,  color  of  foliage,  apparent  freedom  from  disease  symptoms,  and  other 
characters  usually  associated  with  vigor.  With  few  exceptions  these 
records  were  made  about  30  days  after  planting. 

For  three  years  corn  inoculation  studies  have  been  conducted  in  cooper- 
ation with  Dr.  James  G.  Dickson,  of  the  Office  of  Cereal  Investigations, 
United  States  Department  of  Agriculture,  and  the  Wisconsin  Agricultural 
Experiment  Station,  to  investigate  further  the  relation  of  Gibberella 
saubinetii,  the  common  wheat-scab  organism  (23) ,  to  the  root  and  stalk  rots 
of  corn.  It  has  been  found  that  this  organism,  under  conditions  to  be  dis- 
cussed in  other  papers,  may  be  very  active  in  reducing  early  vigor  of  corn 
plants.    A  limited  number  of  these  data  are  included  in  this  paper  to  show 
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that  reduced  early  vigor,  as  a  result  of  artificial  inoculation  with  one  of 
the  root  and  stalk  rot  pathogenes,  also  is  directly  correlated  with  reduced 
yield.  The  term  "  inoculated,"  as  used  in  the  tables,  refers  to  corn  grown 
from  seed  inoculated  at  planting  time  with  Gibber ella  saubinetii,  the  inocula 
being  prepared  by  Dickson.  The  term  "  uninoculated  "  refers  to  corn  in 
contiguous  plots  of  equal  size  grown  from  similar  seed  not  inoculated. 

The  yields  from  experiments  conducted  in  1920  and  192 1  were  sepa- 
rated into  "marketable"  and  "unmarketable"  grades.  The  latter 
grade  consisted  of  nubbins,  rotted  or  partly  rotted  ears,  and  light  chaffy 
ears.  Ears  that  were  less  than  half  the  length  of  an  average  large-sized 
ear  of  the  variety  were  classed  as  nubbins.  Larger  ears  also  that  were 
poorly  filled  were  classed  as  nubbins.  The  term  "rotted  ears"  included 
any  that  showed  an  appreciable  extent  of  rot  due  to  Diplodia,  Fusarium, 
or  other  causes.  The  chaffy  ears  were  those  with  the  grains  imperfectly 
matured  so  that  the  kernels  were  thin  and  loose  on  the  cob.  Chaffy 
ears  that  also  showed  signs  of  rot  were  classed  as  rotted.  (See  PI. 
2,  3,  and  4.) 

The  term  "infested"  soil,  as  used  in  this  paper,  refers  to  soil  known 
to  be  infested  with  one  or  more  of  the  root  and  stalk  rot  pathogenes. 
In  every  case  where  this  term  is  used  the  soil  had  been  cropped  to  corn 
or  wheat  for  the  previous  three  years.  The  wheat  had  been  heavily 
infected  with  scab  {Gibber ella  saubinetii) ,  and  the  corn  crops  were  known 
to  be  badly  diseased. 

The  term  "clean"  soil,  as  used  in  this  paper,  refers  to  soil  reasonably 
free  from  any  of  the  root  and  stalk  rot  pathogenes.  This  soil  had  not 
been  cropped  to  corn  or  wheat  for  at  least  10  years. 

EXPERIMENTAL  DATA 

The  experimental  data  cover  numerous  and  extensive  studies  on  the 
relation  of  the  vigor  of  corn  plants  in  the  early  stages  of  their  growth 
to  their  subsequent  yield,  under  different  conditions.  The  variables 
include  differences  in  infection  of  the  seed  by  rot-producing  pathogenes, 
differences  in  physical  character  of  the  kernels,  and  differences  in  the 
soil,  in  character,  treatment,  and  quantity  of  infestation. 

COMPARISON  OF  EARLY  HEIGHT  AND  YIELD  OF  TRANSPLANTED  SEEDLINGS 

During  the  summer  of  19 18  a  number  of  corn  seedlings  were  trans- 
planted to  the  field  and  studied  in  order  to  compare  the  performance 
of  apparently  disease-free  and  diseased  seedlings.  The  seedlings  were 
grown  on  the  limestone-sawdust  table  germinator  until  the  plumules 
were  approximately  3  inches  long.  At  this  time  those  selected  for 
further  study  were  transferred  to  small  paper  boxes  containing  moist 
soil  free  from  any  of  the  corn  rot  pathogenes.  One  day  later  the  boxes 
and  seedlings  were  transferred  to  the  field,  the  healthy  and  diseased 
seedlings  being  placed  in  alternate  hills  42  inches  apart.  Both  types  of 
seedlings  used  in  these  studies  had  the  same  height  and  relative  vigor 
when  taken  from  the  germinator.  These  seedlings  were  so  selected 
that  they  represented  adjacent  kernels  on  artificially  cross-pollinated 
ears  from  apparently  healthy  plants.  The  field  in  which  these  studies 
were  carried  on  had  not  grown  a  crop  of  corn  for  at  least  10  years. 

The  healthy  seedlings  suffered  no  ill  effect  from  transplanting  and 
made  steady  growth  in  height  from  the  time  they  were  transplanted. 
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On  the  other  hand,  all  of  those  in  the  diseased  group  remained  stationary 
in  height  for  a  period  of  10  to  15  days.  At  the  end  of  that  time  some  of 
the  diseased  plants  began  growing  and  continued  to  progress  at  about 
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Fig.  1. — Growth  curves  and  yield  of  diseased  (No.  67)  and  healthy  (No.  68)  corn  transplants.  During 
the  first  week  there  was  an  actual  decrease  in  height  of  the  diseased  transplant  on  account  of  the  blighting 
of  the  leaves.  During  the  following  three  weeks  the  diseased  plant  recovered  somewhat  from  the  severe 
attack  of  the  root  and  stalk  rot  pathogenes  and  grew  at  about  the  same  rate  as  the  healthy  plant,  but 
after  that,  it  failed  to  make  as  rapid  progress.  The  diseased  transplant  required  about  10  days  longer 
to  attain  its  maximum  circumference.  It  failed  to  produce  any  grain,  whereas  the  healthy  transplant 
produced  the  good  ear  shown. 
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Fio.  2. — Growth  curves  and  yield  of  diseased  (No.  53)  and  healthy  (No.  54)  corn  transplants.  The  dis- 
eased transplant  failed  to  make  any  progress  in  height  during  the  first  week  or  10  days,  after  which  it 
grew  at  a  rate  parallel  with  that  of  the  healthy  transplant.  The  diseased  transplant  was  considerably 
later  in  attaining  its  maximum  stalk  circumference,  in  tasseling,  and  in  silking  and  produced  a  consid- 
erably smaller  ear. 

the  same  rate  as  the  healthy  plants  with  which  they  were  compared 
(fig.  1  and  2).  Some  of  the  diseased  plants  finally  attained  a  height 
equal  to  that  of  the  healthy  plants  (fig.  3)  but  they  were  later  in  tasseling 
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and  silking  and  did  not  yield  nearly  so  much  grain  as  the  healthy  plants. 
Others,  however,  grew  very  slowly  and  finally  succumbed  to  the  attacks 
of  the  parasitic  organisms  with  which  they  were  infected. 

A  summary  of  these  data  is  given  in  Table  I.  It  will  be  observed 
that  the  diseased  transplants  never  recovered  sufficiently  from  the 
stunting  in  growth  during  the  first  15  days  to  produce  a  normal  yield 
of  grain.  In  some  cases  the  diseased  plants  bore  a  cob  of  normal  length 
but  on  it  there  were  only  a  few  kernels. 
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Fig.  3. — Growth  curves  and  yield  of  diseased  (No.  9s)  and  healthy  (No.  96)  corn  transplants.  The  greatest 
difference  in  height  and  stalk  circumference  occurred  during  the  interval  between  25  and  45  days  after 
planting.  After  that  time  the  diseased  transplant  seemed  gradually  to  recover  as  far  as  size  was  con- 
cerned. This  apparent  recovery,  however,  was  of  no  significance,  for  it  produced  only  a  short  ear  which 
was  badly  rotted,  whereas  the  healthy  transplant  produced  a  sound  ear  of  normal  size. 

Table  I. — Comparative  field  performance  of  34  healthy  and  34  diseased  transplants  of 
Funk  Ninety-Day  corn  grown  in  clean  soil,  at  Bloomington,  III.,  in  1918 


Points  considered. 


Number  of  seedlings: 

Transplanted 

Dying  within  16  days  after  transplanting 

Living  throughout  season 

Number  of  transplants  producing: 

Two  ears 

One  well-developed  ear 

One  midsized  ear 

One  nubbin  only 

Number  of  barren  plants 


Condition  of  seedlings 
when  transplanted. 


Apparently 
disease-free. 


34 
o 

34 

7 
18 

3 
3 
3 


Diseased. 


34 
16 
18 

1 
4 
5 
4 
4 


CORRELATION    OF    EARLY    HEIGHT    AND    YIELD    OF    FIELD-GROWN    PLANTS 


Table  II  gives  the  average  heights,  average  yields,  and  correlation 
coefficients  of  height  and  yield  of  the  plants  in  two  contiguous  plots  of  corn. 
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The  plant  measurements  were  taken  35  days,  56  days,  and  146  days  after 
planting. 

Table  II. — Correlation  of  height  {determined  at  different  dates  after  planting)  and  yield, 
in  Reid  Yellow  Dent  grown  from  relatively  disease-free  and  diseased  seed  in  infested 
soil,  at  Bloomington,  III.,  in  IQ18 


Condition  of  seed. 

Number  of 
plants. 

Days  after 
planting. 

Average 
height. 

Average 

yield  per 

plant. 

Correlation 
coefficient. 

Probable 
error. 

Relative  disease-free 

Diseased 

f          157 
157 

I          157 
119 
119 

I          "9 

35 

56 

146 

35 

56 

146 

Cm. 
91.  I 

187.3 
281.9 
86.1 
189.  1 
275-1 

Gm. 
201.  I 
201.  I 
201.  I 
181.  2 
181.  2 
181.  2 

0 
+0.  512 

+   .512 
+   -319 
+   -474 
+   -455 
+   ■  562 

0 
±0.  046 
±   .046 
±   -056 
±   .042 
±   -°43 
+  -°37 

The  correlation  coefficients  in  this  table  range  from  nearly  6  times  to 
nearly  15  times  the  probable  error.  Love,  of  the  Plant  Breeding  Depart- 
ment of  Cornell  University,  and  others,  express  the  opinion  that  correlation 
coefficients  which  are  more  than  3.8  times  the  probable  error  are  some- 
what significant.  King,  as  quoted  by  Babcock  and  Clausen  (1),  gives  the 
following  rules  for  the  interpretation  of  the  coefficient  of  correlation 
according  to  its  relation  to  the  probable  error : 

1.  If  the  correlation  coefficient  is  less  than  the  probable  error,  there  is  no  evidence 
whatever  of  correlation. 

2.  If  the  correlation  coefficient  is  more  than  six  times  the  size  of  the  probable  error, 
the  existence  of  correlation  is  a  practical  certainty. 

3.  In  cases  where  the  probable  error  is  relatively  small: 

(a)  If  the  correlation  coefficient  is  less  than  0.3  the  correlation  can  not  be  con- 

sidered at  all  marked. 

(b)  If  the  correlation  coefficient  is  above  0.5  there  is  a  decided  correlation. 

Table  III  gives  correlation  coefficients  between  stalk  circumference 
and  yield  of  the  same  plants  studied  in  Table  II  and  presents  the  only 
correlations  between  circumference  and  yield  which  appear  in  this  paper. 
They  are  given  at  this  time  in  connection  with  the  height  data  of  the 
same  plants  to  show  that  the  two  characters  are  seemingly  well  correlated. 

Table  III. — Correlation  of  circumference  of  stalk  (measured  at  different  dates  after 
planting)  and  yield  in  Reid  Yellow  Dent,  grown  from  relatively  disease-free  and  dis- 
eased seed  on  infested  soil,  at  Bloomington,  III.,  in  IQ18 


Condition  of  seed. 

Number  of 
plants. 

Days  after 
planting. 

Average  cir- 
cumference. 

Average 

yield  per 

plant. 

Correlation 
coefficient. 

Probable 
error. 

Relatively  disease-free . . 
Diseased 

f          157 
157 

I          157 
119 
119 

I         "9 

35 

56 

146 

35 

56 

146 

Cm, 
5-6 
9.4 
9.0 

5-3 
9.8 
9.2 

Gm. 
201.  I 
201.  I 
201.  I 

l8l.  2 
l8l.  2 
l8l.  2 

+0.  618 
+   .478 
+   .643 

+   .643 
+   .568 
+   .  620 

±0.038 
±  .088 
±  -036 
±  -036 
±   -036 

±  -°33 
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Table  IV. — Correlation  of  early  height  (j<5  days  after  planting)  and  yield  in  Funk 
Ninety-Day  corn  grown  on  clean  soil  from  relatively  disease-free  and  diseased  seed,  at 
Bloomington,  III.,  in  igig 


Condition  of  seed. 


Disease-free 

Diseased 

Seed  selected  from  normally  rip- 
ened plants 

Seed  selected  from  prematurely 
ripened  plants 


Number  of 
plants. 


354 
33* 

243 

244 


Average 
height. 


Cm. 

150.4 

146.3 

I56-3 
154.0 


Average 

yield  per 

plant. 


Gm. 
191.  O 
179.4 

212.  6 
I97.O 


Correlation 
coefficient. 


+<>■  359 
+   -435 

+   -305 

+  -3°7 


Probable 
error. 


±0.031 
±    .030 

±   .039 
±  -°39 


The  experimental  plots  represented  in  Table  IV  were  not  planted  until 
the  latter  part  of  the  normal  corn  planting  season.  The  soil  in  these 
plots  had  not  grown  corn  during  the  previous  10  years.  These  facts 
probably  account  for  the  correlation  coefficients  being  lower  than  those 
given  in  Table  II.  Yet  it  seems  that,  even  under  these  conditions,  the 
correlation  between  early  height  and  yield  is  significant. 

Table  V. — Correlation  of  height  and  yield  in  Bloody  Butcher  corn  grown  from  artificially 
pollinated  ears.    Seed  planted  May  30  in  infested  soil  at  Bloomington,  III.,  in  igig 


Group 
No. 

Condition  of  parent 
plant. 

Treatment  of  see( 

Num- 

1.      ber  of 

plants. 

Days 
after 
plant- 
ing. 

Aver- 
age 
height. 

Aver- 
age 

yield 
per. 

plant. 

Correla- 
tion co- 
efficient. 

Prob- 
able 
error. 

Cm. 

Gm. 

I 

Diseased  plants 

Uninoculated 

•  ■       265 

3° 

67 

132 

+0.  167 

±0.  040 

selfed. 

Inoculated.  . 

200 

3° 

57 

123 

+   -360 

±    .041 

II 

Apparently  dis- 

Uninoculated 

240 

3° 

75 

2l8 

+   -405 

±   -°37 

ease-f ree 

Inoculated.  . 

.       208 

3° 

72 

240 

+  .366 

±   -045 

plants  crossed 

Uninoculated 

240 

52 

213 

2l8 

+  -569 

db   .029 

Inoculated.  . 

.       208 

52 

211 

240 

4-  .429 

±   -038 

III 

Apparently  dis- 

Uninoculated 

72 

30 

56 

254 

+  -432 

±   .064 

ease-f ree 

Inoculated.  . 

57 

3° 

43 

233 

+  -537 

±   -063 

plants  selfed. 

Uninoculated 

72 

52 

210 

254 

+  .  600 

±   -°5i 

Inoculated.  . 

57 

52 

199 

233 

4-  .680 

±   .048 

IV 

Diseased  plants 

Uninoculated 

•  •       65 

3° 

92 

155 

+  -447 

±   .067 

crossed. 

Inoculated.  . 

50 

3° 

93 

"3 

4-  .007 

±   .095 

Uninoculated 

•  •       65 

52 

211 

155 

+  .650 

±   .048 

Inoculated.  . 

5° 

52 

204 

113 

+  •  205 

±   -085 

In  each  group  shown  in  Table  V,  series  of  plantings  of  seed  inoculated 
with  Gibberella  saubinelii  were  made  along  with  corresponding  series  with 
uninoculated  seed. 

There  seems  to  be  no  special  relation  between  the  correlation  coeffi- 
cients and  inoculation  in  the  four  different  groups.  However,  there  is 
in  most  cases  a  strong  correlation  between  early  height  and  yield.  The 
correlation  coefficients  are  higher  for  the  measurements  taken  52  days 
after  planting  than  for  those  taken  30  days  after  planting.  This  can  be 
accounted  for  by  the  fact  that  weak  plants  make  slower  gains  in  height 
during  that  period  of  their  development  (Tables  VIII  and  IX).  It  will 
be  noted  that  the  inoculation  {Gibberella  saubinetii)  materially  reduced 
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the  stand  in  every  comparison  and  the  average  yield  per  plant  in  every 
one  except  group  2.  In  this  group  there  was  evidence  of  resistance, 
which  probably  accounts  for  the  different  response  of  the  plants  in  this 
group  to  the  inoculation. 

RELATION    OF   EARLY   VIGOR   AND   YIELD   AS    INFLUENCED   BY    SEED 

INFECTION 

STUDIES   OF  INDIVIDUAL  PLANTS 

General  observations,  growth  records,  and  yield  data  on  the  experi- 
mental plots  planted  with  apparently  disease-free  and  diseased  seed 
impressed  the  authors  with  the  fact  that  the  recorded  differences  in  stand 
did  not  accurately  represent  the  actual  differences  between  the  various 
plots  of  corn  in  their  early  stages  of  growth.  The  classification  of  the 
plants  as  vigorous,  semivigorous,  or  weak  was  an  attempt  to  record  more 
accurately  the  comparative  condition  of  the  plots  at  that  time.  Although 
this  classification  may  be  subject  to  personal  error  at  times,  it  has  been 
used  advantageously  in  expressing  significant  differences  in  early  vigor. 

When  this  classification  was  first  used  a  number  of  plants  were  selected 
for  study  about  whose  classification  as  vigorous,  semivigorous,  or  weak, 
there  was  no  doubt  (PI.  1  and  5).  The  plants  were  harvested  individually 
and  the  dry-shelled  weight  of  each  ear  determined.  These  data  are  pre- 
sented in  Table  VI,  where  one  may  note  the  strong  correlation  existing 
between  early  vigor  and  yield,  both  in  average  production  and  in  absence 
of  barren  stalks.  Occasionally,  however,  plants  classified  as  vigorous  in 
the  juvenile  stage  either  may  be  barren  or  produce  nubbins  only;  but 
this  is  the  exception  rather  than  the  rule.  At  least  one  important  dis- 
ease of  corn  that  does  not  affect  early  vigor  appreciably  appears  to  cause 
a  certain  amount  of  barrenness  and_  nubbin  production.  This  phase  of 
the  corn,  root  and  stalk  rot  problem  will  be  discussed  in  another  paper. 

Table  VI. — Relation  of  early  vigor  to  yield  and  barrenness  in  plants  of  Reid  Yellow 
Dent,  classified  as  vigorous,  semivigorous,  or  weak,  35  days  after  planting,  at  Blooming- 
ton,  III.,  in  IQ18 


Points  considered. 


Total  number  of  plants 

Percentage  of  plants  dying 

Average  yield  per  plant  (in  grams) 
Percentage  of  barren  plants 


Vigorous. 


601 

3-3 
249.4 

6-5 


Semi- 
vigorous. 


259 
3-2 

139-9 
32.8 


Weak. 


250 

9.8 

IOO.  5 

50.0 


Table  VII  gives  data  on  an  experiment  conducted  with  disease-free 
and  diseased  seed  of  Funk  Ninety-Day  corn.  The  plot  was  divided  and 
one-half  was  planted  with  each  kind  of  seed.  A  glance  at  the  percentage 
of  vigorous  and  weak  plants  grown  from  relatively  disease-free  seed  as 
compared  with  the  plants  grown  from  diseased  seed  shows  that  the  per- 
centage of  vigorous  plants  drops  from  64.3  in  the  disease-free  half  to 
29.1  in  the  diseased  half,  while  the  percentage  of  weak  plants  rises  from 
8.8  to  19. 1.  Early  vigor  and  average  yield  of  grain  per  plant,  as  well 
as  absence  of  barren  stalks,  are  directly  correlated. 
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Table  VII. — Relation  of  early  vigor  30  days  after  planting  to  yield,  as  influenced  by 
seed  infection  in  Funk  Ninety-Day  com,  grown  from  relatively  disease-free  and  diseased 
seed  on  infested  soil,  at  Bloomington,  III.,  in  IQ18 


Relatively  disease-free  seed.                             Diseased  seed. 

Points  considered. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Total  number  of  plants. . 
Percentage  of  plants  in 

each  group 

Average  yield  per  plant 

(in  grams) 

139 
64-3 

243-  5 
.  1 

58 

26.  9 

207.  2 

3-5 

19 
8.8 

97-7 
26.3 

55 
29.  1 

241-  5 
0 

98 
51-8 
172.7 
7.2 

36 
19.  I 
86.8 

Percentage     of     barren 
plants 

50.0 

Table  VIII. — Relation  of  early  vigor  to  rate  of  growth  and  yield  as  influenced  by  seed 
infection  in  Funk  Ninety-Day  corn  grown  on  clean  soil  at  Bloomington,  III.,  in 
igig 


Relatively  disease-free  seed. 

Slightly  diseased  seed. 

Points  considered. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Total  number  of  plants.  . 
Percentage  of  plants  in 
each  group 

146 
41.8 

44-3 

158.0 

"3-7 
199.9 

159 
45-6 

37-7 
146.  6 

108.  9 
192.  0 

45 
12.8 

26.8 

123.8 

97.0 
158.0 

123 

37-7 

43-3 
158.8 

"5- 5 
184.6 

165 
50.6 

36.  2 

143-4 

107.  2 
176.  6 

38 
II.  7 

24.4 

114.  5 

90.  1 
135-8 

Average  height  (in  centi- 
meters) 15  days  after 
planting 

Average  height  (in  centi- 
meters) 36  days  after 
planting 

Average    increase    in 
height  per  plant  (in 
centimeters)  21  days 
after  first  record 

Average  yield  per  plant 
(in  grams) 
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Table  IX. — Relation  of  early  vigor  to  rate  of  growth  and  yield  of  Funk's  Ninety-Day 
corn  as  influenced  by  pathologic  condition  of  plants  from  which  seed  was  selected,  grown 
on  clean  soil  at  Bloomington,  III.,  in  igig 


Seed  from  ears  ripening  normally. 

Seed  from  ears  ripening  prematurely. 

Points  considered. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Vigorous. 

Semi- 
vigorous. 

Weak. 

Total  number  of  plants. . 
Percentage  of  plants  in 
each  group 

78 
32.1 

45-7 
169.0 

123.3 
220.  s 

138 
56.8 

38.5 
154.2 

"5-7 
215-4 

27 
II.  I 

27.4 

126.  6 

99.2 

177.8 

61 
25.0 

44.4 

170.  I 

125.7 
220.  2 

156 
63-9 

36.8 
I50-3 

"4-  5 
194.8 

27 
II   I 

Average  height  (in  centi- 
meters) 15  days  after 
planting 

28.8 

Average  height  (in  centi- 
meters) 36  days  after 
planting 

130.4 

101.  6 
147.  1 

Average    increase    in 
height  per  plant  (in 
centimeters)  21  days 
after  first  record 

Average  yield  per  plant 
(in  grams) 

Tables  VIII  and  IX  are  of  special  interest  because  of  the  fact  that  the 
classification  of  plants  as  vigorous,  semivigorous,  and  weak  was  made 
only  15  days  after  the  corn  was  planted  and  because  the  corn  was  planted 
at  the  end  of  the  normal  corn  planting  season  in  soil  that  had  not  grown 
corn  for  12  years.  These  results  lend  further  emphasis  to  the  strong 
correlation  of  early  vigor  and  yield. 

In  the  experiments  reported  in  Tables  VIII  and  IX,  the  heights  of  the 
plants  were  taken  15  days  after  planting  at  the  time  of  judging  vigor, 
and  again  at  36  days  after  planting.  In  both  measurements  there  is  a 
fairly  wide  variance  in  the  average  heights  of  vigorous,  semivigorous,  and 
weak  plants.  In  the  period  of  21  days  between  the  first  and  second 
measurements  all  groups  of  plants  made  considerable  gains  in  heights. 
A  comparison  of  the  average  gains  in  plant  height  during  this  period  shows 
that,  in  every  comparison,  the  vigorous  plants  made  the  greatest  gains, 
followed  by  the  semivigorous  plants,  and  then  by  the  weak.  It  is  evident 
that  the  more  vigorous  individuals  not  only  retain  their  initial  superiority 
in  height  but  grow  more  rapidly  than  the  less  vigorous  plants.  The 
difference  between  the  vigorous  and  weak  plants  in  this  respect  is  very 
marked. 

STUDIES  OF  PLANT  POPULATIONS 

From  the  foregoing  data  and  discussion  it  seems  evident  (1)  that 
early  vigor  and  yield  of  grain  are  closely  correlated  (PI.  4),  also  (2)  that 
the  percentages  of  strong,  vigorous  plants  in  populations  grown  from 
diseased  seed  are  lower  than  in  similar  populations  grown  from  relatively 
disease-free  seed  (PI.  6  and  7).  Inasmuch  as  the  total  yield  of  a  plot 
or  field  of  maize  depends  on  the  total  number  of  plants  and  the  average 
yield  per  plant,  it  follows  that  the  total  yields  of  contiguous  plots, 
differing  from  o  to  8  per  cent  in  field  stand,  will  be  more  or  less  directly 
proportional  to  the  percentages  of  strong,  vigorous  plants  in  the  popula- 
tions.   A  large  number  of  experiments  have  been  conducted  during  a 
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period  of  four  years  in  which  alternate  plots  were  planted  with  relatively 
disease-free  and  diseased  seed.  Where  field  stands  and  other  factors 
were  reasonably  comparable,  there  has  been  a  reduction  in  the  percentage 
of  vigorous  plants,  as  classified  25  to  35  days  after  planting,  as  well  as 
a  reduction  in  final  acre  yield  in  bushels,  although  the  relation  varied 
from  year  to  year,  depending  on  seasonal  conditions.  These  data  are 
summarized  in  Table  10.  The  1920  data  are  presented  in  more  detail 
and  discussed  later  in  this  paper.  A  part  of  the  192 1  data  is  presented 
in  both  detailed  and  summarized  forms  to  show  more  clearly  the  methods 
used  in  the  investigations  on  which  this  paper  is  based. 

Table  X. — Summary  of  data  showing  influence  of  seed  infection  on  early  vigor  and 
yield  of  corn  grown  from  relatively  disease-free  and  diseased  seed,  at  Bloomington,  III., 
in  IQ18,  1919,  1920,  and  1921 


Year. 


1918 
1919 
1920 
192 1 


Number 
of  experi- 
ments. 


Average  re- 
duction in 


Average  in- 
crease in 


Total 

n^^L     Percentage  I  percentage 

of  vigorous      of  weak 

plants.  plants. 


classified. 


22,479 
29,013 

6,134 


9-7 

15-4 

22.  6 


4.8 

6-3 
4.  2 

4.9 


Average  de- 
crease in 
acre  yield. 


Bushels. 
14.4 
12.  Q 

8.6 
9.2 


RELATION   OF   EARLY   VIGOR  AND   YIELD   AS  INFLUENCED   BY  PATHOLOGIC 

CONDITION  OF  MOTHER  PLANT 

In  the  fall  of  19 17,  attractive  ears  were  selected  from  vigorous  and  ap- 
parently healthy  plants  and  from  plants  whose  roots  and  stalks  were 
rotted.  The  seed  was  planted  the  following  spring  in  ear  rows,  the  seed 
from  apparently  healthy  plants  being  alternated  with  the  seed  from 
diseased  plants.  Similiar  experiments  were  conducted  during  the  follow- 
ing two  years.  The  data  from  these  experiments  are  given  in  Table  XI. 
Seed  ears  selected  from  plants  whose  roots  and  stems  are  badly  rotted 
may  or  may  not  be  infected  with  the  rot  pathogenes.  In  many  cases 
they  are  not  infected  to  such  an  extent  that  the  infection  can  be  detected 
by  a  careful  germination  test.  But  when  these  ears  are  used  for  seed 
they  usually  produce  plants  that  are  very  susceptible  to  the  root  and 
stalk  rots. 

Table  XI. — Early  vigor  and  yield  as  influenced  by  tht  pathologic  condition  of  mother 
plants  from  which  seed  was  selected.  The  table  shows  reduced  vigor  and  reduced  yield  in 
plants  grown  from  seed  selected  from  diseased  plants,  at  Bloomington,  III. 


Year. 


1918 
1918 
1919 
1919 
1920 
1920 


Variety. 


Reid  Yellow  Dent. 

Funk  90-Day 

do 

do 

Reid  Yellow  Dent. 
do 


Number 

Reduction 

Reduction 

Increase 

Decrease 

of  plants. 

in  stand. 

in  vigor- 
ous plants. 

in  weak 
plants. 

in  acre 
yield. 

Per  cent. 

Per  cent. 

Per  cent. 

Bushels. 

5,  MO 

IO.  9 

4.4 

I.  2 

7-3 

6,617 

•5 

14.  I 

2.8 

11.  4 

2,  090 

2.  I 

15-4 

i-3 

6.8 

927 

i-5 

5-5 

1.6 

2-5 

i,3S7 

5-2 

9-5 

1.  0 

12.4 

3»!44 

.  1 

4-7 

1.  2 

6.0 

Reduction 
in  yield. 


Per  cent. 
IO.  9 
16. 

9- 

4- 

16. 

7- 


3 
2 

3 
5 
5 
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A  glance  at  Table  XI  shows  that  seed  selected  from  diseased  mother 
plants  produces  plants  deficient  in  early  vigor  and  lacking  in  the  ability 
to  produce  high  grain  yields.  This  is  especially  pronounced  when  the 
seed  is  planted  in  infested  soil. 

Seed  ears  from  badly  diseased  plants  usually  are  lacking  in  luster,  and 
physical  examination  of  the  kernels  on  such  ears  frequently  shows  them 
to  be  more  or  less  starchy  (21).  Specific  gravity  determinations  on  these 
kernels  also  reveal  a  tendency  toward  decreased  density.  Table  XII 
gives  further  data  regarding  the  comparative  field  performance  of  starchy 
and  slightly  starchy  seed,  as  compared  with  the  harder,  more  horny  seed. 
The  field  stands  and  seed  infections  were  comparable  in  all  cases.  Ordi- 
narily, however,  as  Trost  and  Hoffer  (38)  have  reported,  ears  with  starchy 
kernels  are  very  often  infected  with  one  or  more  of  the  corn  rot  pathogenes. 

Table  XII. — Influence  of  endosperm  composition  (physical  determination)  on  early  vigor 
and  yield.  Data  show  reduced  vigor  and  reduced  yield  in  plats  planted  with  starchy  and 
slightly  starchy  seed  as  compared  with  similar  plots  grown  from  horny  seed  at  Blooming- 
ton,  III. 


Year. 


1918 
1918 
1919 
1920 


Condition  of  seed. 


Starchy 

Slightly  starchy 

Starchy  (individual  plants) 
Slightly  starchy 


Total 
number 
of  plants. 


1,273 

9.243 

170 

926 


Reduction 
in  vigor- 
ous plants 


Per  cent. 

14-3 

7-7 

14.  o 

21.  7 


Increase 
in  weak 
plants. 


Per  cent. 
2.7 

3-° 
4.0 
1.  o 


Reduction 
in  acre 
yield. 


Bushels. 

13-  S 
9.9 


4.8 


Reduction 
in  acre 
yield. 


Per  cent. 
19.7 

14-5 
8.1 
9.0 


RELATION   OF  EARLY   VIGOR  TO  SIZE  OF   EARS  PRODUCED 

As  might  be  expected  from  the  data  presented  up  to  this  point,  early 
vigor  and  size  of  ears  are  strongly  correlated.  Plants  vigorous  and 
apparently  healthy  in  their  early  stages  of  growth  are  much  more  likely 
to  produce  good-sized  and  well-matured  ears  than  plants  stunted  during 
this  same  period.     This  fact  is  brought  out  clearly  in  Table  XIII. 

Table  XIII. — Relation  of  early  vigor  to  the  size  of  ears  on  1,715  individual  corn  plants 

grown  at  Bloomington,  III.  in  iqi8 


Variety  and  condition  of  seed. 

Percentage  of  plants  classified  in  their 
early  stages  of  growth  as  vigorous, 
semivigorous,  and  weak  which  pro- 
duced good-sized,  well-matured  ears. 

Vigorous. 

Semivigor- 
ous. 

Weak. 

Reid  Yellow  Dent 

67-5 
92.  O 
83.6 

18.9 

53-4 
54- 1 

IS-  1 
0 

Funk  Ninety-Day  (relatively  disease-free) 

Funk  Ninety-Day  (diseased  seed) 

2.  O 

RELATION  OF  EARLY   VIGOR  TO   SHRINKAGE  OF   GRAIN 

It  has  been  found,  as  East  and  Hayes  (11)  and  Grantham  (14)  have 
reported,  and  as  many  other  investigators  have  observed,  that  weak 
plants  are  from  7  to  10  days  later  in  tasseling  and  silking  than  vigorous 
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plants.  Observations  and  records  on  many  hundreds  of  individual 
plants  at  frequent  intervals  over  a  period  of  four  years  have  indicated 
that  plants  stunted  in  their  early  growth  as  a  result  of  attacks  by  the 
root  and  stalk  rot  pathogenes  are  nearly  always  somewhat  later  in  tassel- 
ing  and  silking  (figures  1,2,  and  3) .  These  plants,  therefore,  on  account  of 
delayed  pollination  and  fertilization  combined  with  their  weakened  condi- 
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Fig.  4. — Graph  showing  cubic  centimeters  of  water  lost  in  the  curing  of  100  gm.  of  freshly  harvested 
corn  produced  on  vigorous,  semivigorous,  and  weak  plants,  grown  from  [uninoculated  seed.  (See 
Table  XIV.) 


tion,  can  not  mature  their  grain  as  early  nor  as  completely  as  the  more 
nearly  normal  plants.  As  a  result,  the  corn  from  the  weak  plants  and 
from  diseased ;  plants  usually  contains  more  moisture  when  harvested 
and  consequently  shrinks  more  when  reduced  to  an  air-dry  condition. 
Some  data  on  this  are  shown  in  Table  XIV. 
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Table  XIV. — Relation  of  early  vigor  to  shrinkage  in  weight  of  grain,  determined  on 
1,325  plants  of  Funk's  Ninety-Day  corn  in  two  inoculation  experiments,  alternaU 
hills  of  which  were  inoculated  at  planting  time  with  Gibberella  saubinetii  grown  on 
clean  soil  of  high  fertility  at  Bloomington,  III.,  in  igig 


Experiment  No. 


52  A. 

53  B. 


Treatment  of  seed. 


fUninoculated 
\ Inoculated. .. 
fUninoculated 
\  Inoculated .  . 


Shrinkage  of  grain  from  plants  classified 
in' their  early  growth  stages  as  vigor- 
ous, semivigorous,  or  weak. 


Vigorous. 


Per  cent. 
24.7 
26.  4 
18.9 

21.  S 


Semivigor- 
ous. 


Per  cent- 
26.  4 

27-3 
24.8 
28.4 


Weak. 


Per  cent. 
30.  I 

27.  2 

34-4 
29.  2 


Table  XIV  gives  the  percentage  of  shrinkage  of  the  grain  from  vigor- 
ous, semivigorous,  and  weak  plants  harvested  only  a  few  days  before  a 
killing  frost.  The  product  from  each  plant  was  weighed  separately 
when  harvested  and  again  after  the  ears  were  thoroughly  air-dried.  The 
results  show  that  in  every  case  there  is  a  greater  percentage  of  shrinkage 
in  the  grain  produced  by  the  weak  than  by  the  vigorous  plants  (fig.  4). 
Plants  of  medium  vigor  tend  to  have  an  intermediate  percentage  of 
shrinkage.  This  indicates  that  the  same  factors  which  enable  the  more 
vigorous  plants  to  grow  most  rapidly  and  to  excel  in  grain  production 
also  cause  the  grain  to  mature  earlier.  At  harvest  time  there  was  little 
apparent  difference  in  the  height  of  plants  that  were  classified  in  their 
early  stages  of  growth  as  vigorous,  semivigorous,  and  weak.  Inci- 
dentally it  is  of  interest  to  note  that  there  is  a  slightly  greater  shrinkage 
in  the  product  of  the  inoculated  rows  than  in  that  of  the  uninoculated 
in  the  vigorous  and  semivigorous  groups.  In  the  groups  of  weak  plants 
the  situation  is  reversed,  the  weak  plants  having  a  smaller  percentage 
of  shrinkage  in  the  inoculated  than  in  the  uninoculated  rows.  This 
may  be  accounted  for  by  the  fact  that  many  of  the  weak  plants  in  the 
inoculated  rows  died  prematurely,  thus  permitting  partial  curing  before 
harvest. 

RELATION  OF  EARLY  VIGOR  AND  QUALITY  OF  PRODUCT  AS  INFLUENCED  BY 

SEED  INFECTION 


DATA  OBTAINED  IN   1920 

In  addition  to  the  reduced  size  of  ear  and  reduced  yield  of  shelled  grain 
from  plants  semivigorous  or  weak  in  early  vigor  as  compared  with  the 
yield  of  plants  strong  and  apparently  healthy  in  their  early  stages  of 
growth,  there  is  a  distinct  difference  in  the  quality  of  the  grain.  Because 
many  of  the  less  vigorous  and  diseased  plants  are  killed  by  frost  before 
the  grain  is  mature,  there  are  more  rotted  ears  and  more  light  chaffy  ears 
in  the  corn  produced  from  semivigorous  and  weak  plants  than  from 
vigorous  plants  under  comparable  conditions.  As  brought  out  in  previous 
tables,  corn  grown  from  diseased  seed  contains  fewer  strong  plants  and 
more  weak  plants  than  corn  grown  from  relatively  disease-free  seed. 
Consequently,  it  would  be  expected  that  corn  grown  from  diseased  seed 
would  contain  more  nubbins,  more  rotted  ears,  and  more  light,  chaffy  ears 
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than  corn  grown  from  nearly  disease-free  seed.  Much  of  this  corn  of 
inferior  quality  would  be  left  in  the  field  unharvested  by  most  farmers. 
Many  farmers  who  might  gather  such  corn  from  the  field  probably  would 
either  sort  it  out  when  dumping  the  corn  at  the  crib  or  when  shelling  it 
for  market.  At  any  rate,  small  nubbins,  rotted  ears,  and  chaffy  ears 
represent  corn  of  low  grade  and  low  selling  value. 

In  view  of  these  facts  it  was  deemed  advisable,  beginning  in  1920,  to 
report  separate  yields  of  marketable  and  unmarketable  corn.  Plates  2, 
3,  and  4  illustrate  the  kinds  of  corn  that  were  classified  as  marketable  and 
unmarketable.  There  are  occasional  ears  about  whose  classification  there 
might  be  some  question;  but,  on  the  whole,  personal  judgment  changes 
but  little  within  a  given  experiment,  and  errors  due  to  personal  factors 
are  comparatively  few  when  a  large  number  of  experiments  are  concerned. 
Although  this  procedure  is  imperfect,  it  gives  a  more  accurate  index  to 
the  value  of  any  yield  of  corn  than  total  yield  alone.  When  considering 
yield  under  actual  farm  conditions,  quality  should  be  as  important  as 
quantity,  a  fact  forcibly  emphasized  in  the  192 1  data. 

In  presenting  data  from  experiments  conducted  in  1920  and  192 1,  it 
seemed  desirable  to  report  yields  in  terms  of  percentages  of  increased 
yield  of  nearly  disease-free  over  the  moderately  diseased  seed,  inasmuch 
as  the  moderately  diseased  seed  used  was  representative  of  the  majority 
of  seed  ears  used  by  the  farmers  supplying  the  seed  for  the  experiments. 
The  yields  from  these  different  lots  of  moderately  diseased  seed  were 
higher  than  the  average  corn  yield  of  the  counties  in  which  the  experiments 
were  conducted.  On  the  Agronomy  South  Farm  of  the  Illinois  Agricul- 
tural Experiment  Station  at  Urbana,  these  lots  of  moderately  diseased 
seed  compared  favorably  in  yield  with  the  standard  varieties.  The  nearly 
disease-free  seed  lots  used  in  the  experiments  (1920  and  192 1)  were  prac- 
tically free  from  any  of  the  root  and  stalk  rot  pathogenes,  as  evidenced  by 
repeated  laboratory  determinations,  and  represented  the  best  seed  ears 
available  in  the  open  fertilized  seed  stocks  of  the  Corn  Belt. 

Table  XV. — Influence  of  moderately  diseased  and  nearly  disease-free  seed  on  early  vigor 
and  yield  of  marketable  corn.  Reid  Yellow  Dent  (Macon  County  strain)  grown  on 
infested  soil  of  medium  fertility,  at  Bloomington,  III.,  in  IQ20 


Points  considered. 

Moder- 
ately dis- 
eased 
com- 
posite. 

Nearly 
disease- 
free 
com- 
posite. 

In  favor  of  disease- 
free  seed. 

Increase. 

Decrease. 

Number  of  plants  in  experiment 

727 

75-8 

29.  2 
12.3 

49.8 
33-7 
23-3 
10.  7 
26.  0 

846 
88.1 

45-3 
6-3 

63-S 
54-6 
11.  6 

3-9 

7-7 

Per  cent. 

Per  cent. 

Early  vigor: 

Percentage  of  kernels  producing  plants 

Percentage  of  kernels  producing  vigorous 
plants 

l6.  2 

55- 2 

27- S 
62.  0 

Percentage  of  kernels  producing  weak  plants . 
Yield: 

Total  acre  yield  (in  bushels) 

48.8 

Acre  yield  of  marketable  corn 

Percentage  of  nubbins  (by  count) 

CO.  2 

Percentage  of  rotted  ears  (by  count) 

2 

63-5 
70.4 

Percentage  of  chaffy  ears  (by  count) 

Table  XV  gives  data  showing  the  influence  of  seed  infection  on  early 
vigor  and  subsequent  yield  and  quality.     The  increased  percentage  of 
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strong,  vigorous  plants  in  the  plots  planted  with  nearly  disease-free  seed 
is  very  marked  (PL  6),  as  is  the  decrease  in  percentage  of  nubbins,  rotted 
ears,  and  chaffy  ears.  The  increase  in  yield  of  marketable  corn  is  very 
significant.  The  relation  of  increased  early  vigor  to  increased  yield  of 
marketable  corn  is  brought  out  more  clearly  in  figure  5.*  <  *-•     >■ 


/o 


20 


&0         *U>         0~0  SO  P0 


so 


so 


/oo 


ffM£mr£z.rmm£0 


/M0£X)9mrff/J£9S£P 


ff&tfiy  Msstsr-fxff 


/o 


20 


30  40  0~O  (50 


70 


SO 


30 


/OO 


Fig.  5.— Graphic  presentation  of  Table  XV.  showing  relation  of  moderately  diseased  and  nearly  disease- 
free  seed  to  the  percentage  of  vigorous,  semi  vigorous,  and  weak  plants  produced,  and  to  yield  of  market- 
able and  unmarketable  corn  in  bushels  per  acre.  \ 

Table  XVI. — Influence  of  moderately  diseased  and  nearly  disease-free  seed*of  Funk  strain 
of  Reid  Yellow  Dent,  on  early  vigor  and  yield  of  marketable  corn,  when  grown  on  infested 
soil  of  medium  fertility,  at  Bloomington,  III.,  in  IQ20 


Points  considered. 

Moder- 
ately dis- 
eased 
com- 
posite. 

Nearly 
disease- 
free 
com- 
posite. 

In  favor  of  disease- 
free  seed. 

Increase. 

Decrease. 

Number  of  plants  in  experiment 

323 
84.  I 

23-4 
8-3 

57-3 
42.  1 

11.  8 

4-3 

12.  s 

361 
91.4 

34-4 
2.6 

61.  7 

54-7 
8.2 

3-6 
2.6 

Per  cent. 

Per  cent. 

Early  vigor: 

Percentage  of  kernels  producing  vigorous 
plants 

8.6 
47.0 

7.6 
29.9 

Percentage  of  kernels  producing  weak  plants . 
Yield: 

Total  acre  yield  (in  bushels) 

68.7 

Acre  yield  of  marketable  corn  (in  bushels). . 
Percentage  of  nubbins  (by  count) 

3°-S 
19.4 

79.2 

Percentage  of  rotted  ears  (by  count) 

Percentage  of  chaffy  ears  (by  count) 

Table  XVI  gives  further  data  on  the  influence  of  seed  infection  on  early 
vigor  and  subsequent  yield.  Figure  6  shows  graphically  the  data  given 
in  Table  XVI. 
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Fig.  6. — Graphic  presentation  of  Table  XVI,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield  of 
marketable  and  unmarketable  corn  in  bushels  per  acre. 


Table  XVII. — Influence  of  moderately  diseased  and  nearly  disease-free  seed  on  early  vigor 
and  yield  of  marketable  corn  of  McKieghan  strain  of  Reid  Yellow  Dent  on  soil  of 
average  fertility  on  which  clover  had  been  grown  for  the  previous  two  years  but  which  had 
previously  never  been  limed  nor  phosphated  (22),  at  Yates  City,  III.,  in  IQ20 


Points  considered. 

Moder- 
ately dis- 
eased 
com- 
posite. 

Nearly 
disease- 
free 
com- 
posite. 

In  favor  of  disease- 
free  seed. 

Increase. 

Decrease. 

Number  of  plants  in  experiment 

1,082 

75-i 
29.4 

l6.  2 

67.  0 
44-5 

1,251 
86.8 

39- x 
13- 1 

72.4 
52.4 

Per  cent. 

Per  cent. 

Early  vigor: 

Percentage  of  kernels  producing  plants 

Percentage  of  kernels  producing  vigorous 
plants 

15-6 
33-  0 

8.1 
17.8 

Percentage  of  kernels  producing  weak  plants . 
Yield: 

Total  acre  yield  (in  bushels) 

19.  I 

Acre  yield  of  marketable  corn  (in  bushels) .  . 

The  increase  in  yield  of  marketable  corn  shown  in  Table  XVII  and 
figure  7  is  not  so  marked  as  in  previous  tables,  but  it  is  large  enough  to 
be  significant. 
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Fig.  7. — Graphic  presentation  of  Table  XVII,  showing  relation  of  diseased  and  nearly  disease-free  seed 
to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield  of  marketable  and 
unmarketable  corn  in  bushels  per  acre. 

Tables  XVIII,  XIX,  and  XX  give  the  results  of  similar  experiments 
conducted  on  the  Agronomy  South  Farm  of  the  Illinois  Agricultural 
Station  at  Urbana,  111.,  during  1920,  on  very  fertile  soil  (fig.  8),  on  soil 
of  good  average  fertility,  and  on  soil  which  has  had  75  per  cent  of  corn 
in  the  rotation  for  13  years. 
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Fig.  8. — Graphic  presentation  of  Table  XVIII,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield 
of  marketable  and  unmarketable  com,  in  bushels  per  acre. 

In  every  case  there  has  been  a  marked  increase  in  the  field  stand,  per- 
centage of  strong,  vigorous  plants,  and  yield  of  marketable  corn  in  the 
plots  grown  from  nearly  disease-free  seeed.  In  Table  XVIII  the  differ- 
ence in  stand  might  account  for  the  difference  in  total  yield,  but  the 
difference  in  yield  of  marketable  corn  must  be  accounted  for  in  some 
other  way.  Figure  8  shows  the  relation  of  the  increase  in  percentage  of 
vigorous  plants  to  the  increase  in  yield  of  sound,  marketable  corn. 
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Table  XVIII. — Influence  of  moderately  diseased  and  nearly  disease-free  seed  on  early 
vigor  and  yield  of  marketable  corn  of  Reid  Yellow  Dent  on  very  fertile  soil  to  which  rock 
phosphate  and  manure  has  been  applied,  at  Urbana,  III. ,  in  1920 


Points  considered. 


Number  of  plants  in  experiment 

Early  vigor: 

Percentage  of  kernels  producing  plants 

Percentage  of  kernels  producing  vigorous 
plants 

Percentage  of  kernels  producing  weak  plants. 
Yield: 

Total  acre  yield  (in  bushels) 

Acre  yield  marketable  corn  (in  bushels) 

Percentage  of  nubbins  (by  count) 

Percentage  of  rotted  ears  (by  count) 

Percentage  of  chaffy  ears  (by  count) 


Moder- 
ately dis- 
eased 
com- 
posite. 


3,850 
80.3 

25-  2 
19-5 

70.7 

54-8 

19-5 

4-5 

8-5 


Nearly 
disease- 
free 
com- 
posite. 


4,  281 

89-3 

39-4 
12.3 

78.7 

68.2 

14.  1 

3-3 

4-3 


In  favor  of  disease- 
free  seed. 


Increase. 

Decrease. 

Per  cent. 

Per  cent. 

II.  2 

56.3 

36.9 

"•3 

24.  5 

27.7 
26.  7 

49-4 

The  same  standard  for  vigorous  plants  was  maintained  in  taking  the 
data  reported  in  Tables  XVIII,  XIX,  and  XX.  In  the  experiments 
reported  in  Table  XX  there  was  little  apparent  difference  in  vigor  or  gen- 
eral appearance  in  the  early  stages  of  growth  between  the  rows  grown 
from  diseased  and  nearly  disease-free  seed.  However,  it  was  evident 
upon  close  examination  that  the  plants  in  plots  planted  with  nearly 
disease-free  seed  were  somewhat  larger  in  circumference  at  the  base  and 
also  sturdier.  The  increase  in  yield  from  the  better  seed  is  very  marked, 
even  in  heavily  infested  soil.  Such  results  suggest  that  the  nearly 
disease-free  seed  may  have  possessed  some  degree  of  resistance  to  the 
root  and  stalk  rots. 


Table  XIX. — Influence  of  moderately  diseased  and  nearly  disease-free  seed  on  early  vigor 
and  yield  of  marketable  corn  of  Reid  Yellow  Dent  on  soil  of  average  fertility,  limed  and 
phosphated,  at  Urbana,  III.,  in  1920 


Points  considered. 

Moder- 
ately dis- 
eased 
com- 
posite. 

Nearly 
disease- 
free 
com- 
posite. 

In  favor  of  disease- 
free  seed. 

Increase. 

Decrease. 

Number  of  plants  in  experiment' 

3,847 
80.2 

9.6 
3°-5 

67.7 
59-6 

4,263 

88.8 

19.  I 
22.  9 

79-4 
74-1 

Per  cent. 

Per  cent. 

Early  vigor: 

Percentage  of  kernels  producing  plants 

Percentage  of  kernels  producing  vigorous 
plants 

IO.  7 
99.0 

17-3 
24-3 

Percentage  of  kernels  producing  weak  plants. 
Yield 

Total  acre  yield  (in  bushels) 

24.9 

Acre  yield  of  marketable  corn  (in  bushels) . . . 
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Table  XX. — Influence  of  moderately  diseased  and  nearly  disease-free  seed  on  early  vigor 
and  yield  of  marketable  corn  of  Reid  Yellow  Dent  on  heavily  infested  soil,  limed  and 
phosphated,  at  Urbana,  III.,  in  1020 


Points  considered. 

Moder- 
ately dis- 
eased 
com- 
posite. 

Nearly 
disease- 
free 
com- 
posite. 

In  favor  of  disease- 
free  seed. 

Increase. 

Decrease. 

Number  of  plants  in  experiment 

2,  096 

74- S 

i-7 
59-3 

39-2 
32.4 

2,338 
83-4 

2.6 
59-2 

47-9 
4i.3 

Per  cent. 

Per  cent. 

Early  vigor: 

Percentage  of  kernels  producing  plants 

II.  9 
52-9 

Percentage  of  kernels  producing  vigorous 
plants 

Percentage  of  kernels  producing  weak  plants . 

O.  3 

Yield: 

Total  acre  yield  (in  bushels) 

22.  2 

27- s 

Acre  yield  of  marketable  corn  (in  bushels) 

DATA  OBTAINED  IN   1921 

The  season  of  192 1  was  different  in  many  respects  from  the  seasons  of 
the  previous  three  years.  As  a  result  of  fungus  injury  following  the 
unusually  heavy  attacks  of  the  corn  earworm  (Chloridea  obsolete  Fab.) 
during  the  warm,  moist  weather  of  the  late  summer  and  early  fall,  there 
was  a  very  high  percentage  of  rotted  corn  throughout  the  Corn  Belt.  In 
view  of  these  facts  the  1921  data  relative  to  marketable  and  unmarketable 
corn  in  the  yields  from  moderately  diseased  and  nearly  disease-free  seed 
are  of  extraordinary  significance.  These  data  not  only  give  further  evi- 
dence on  the  important  relations  existing  between  seed  infection,  reduced 
early  vigor,  and  reduced  yields  of  sound  corn,  but  show  clearly  that  corn 
grown  from  seed  infected  with  the  root  and  stalk  rot  pathogenes,  or  seed 
susceptible  to  the  root  and  stalk  rots,  is  likely  to  be  much  more  susceptible 
to  fungi  causing  ear  rots  than  corn  grown  from  seed  relatively  free  from 
these  pathogenes.  In  most  cases  the  different  lots  of  corn  were  infested 
to  approximately  the  same  extent  with  earworms,  but  there  was  a  vast 
difference  in  the  degree  to  which  the  different  lots  were  injured  by  the 
fungi  following  the  attack  of  earworms.  The  principal  fungi  concerned 
with  ear  rots  were  Diplodia  zeae  and  Fusarium  spp. 

The  data  presented  in  Tables  XXI  to  XXV  were  secured  from  plant- 
ings on  the  no-treatment  plots  in  a  series  of  fertilizer  experiments.  These 
soil  plots  were  not  all  equally  fertile,  but  the  soil  variation  within  each 
plot  probably  was  very  slight.  Consequently,  comparisons  should  be 
made  between  the  moderately  diseased  and  nearly  disease-free  on  each 
plot.  The  plantings  on  the  various  no-treatment  plots  were  replications 
in  which  the  same  two  seed  composites  were  used  throughout  the  four 
times  of  planting.  The  results  are  reported  in  Tables  XXI  to  XXV  and 
graphically  presented  in  figures  9  to  13. 
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Fig.  9.— Graphic  presentation  of  TablelXXI,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield 
of  marketable  and  unmarketable  com  in  bushels  per  acre. 
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Fig.  10.— Graphic  presentation  of  Table  XXII,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield 
of  marketable  and  unmarketable  corn  in  bushels  per  acre. 


6o6 


Journal  of  Agricultural  Research  voi.xxiii.No  s 


/o 


20 


<30     40     &o      eo      70      so      90     /oo> 


MO0£#/}T£ir -0/S£/)S£D 


MBMicraeefisefxiEE 


30        40        £0         GO 


90       /0O 


Fig.  11. — Graphic  presentation  of  Table  XXIII,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous.  and  weak  plants  produced,  and  to  yield 
of  marketable  and  unmarketable  corn  in  bushels  per  acre. 
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Fig.  12. — Graphic  presentation  of  Table  XXIV,  showing  the  relation  of  moderately  diseased  and  nearly 
disease-free  seed  to  the  percentage  of  vigorous,  semivigorous,  and  weak  plants  produced,  and  to  yield 
of  marketable  and  unmarketable  corn  in  bushels  per  acre. 

The  standard  for  vigorous  plants  in  192 1  was  somewhat  different  from 
that  used  during  the  previous  three  years  of  the  investigations.  On 
this  account  percentages  of  vigorous  plants  in  1920  can  not  be  compared 
with  percentages  of  vigorous  plants  in  similar  composites  in  192 1.  How- 
ever, the  standards  for  vigorous,  semivigorous,  and  weak  plants  were 
reasonably  constant  throughout  each  season,  especially  within  any  given 
experiment. 

The  soil  was  cold  at  the  time  the  first  planting  was  made  and  continued 
rather  cold  for  8  to  10  days.  In  this  connection  it  is  interesting  to  note 
that  the  field  stand  of  the  corn  grown  from  moderately  diseased  seed  is 
12.2  per  cent  lower  than  that  grown  from  the  nearly  disease-free  com- 
posite (see  Table  XXI).     By  referring  to  Table  XXV  and  figure  14  it 
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may  be  observed  that  the  first  planting  showed  the  greatest  difference 
in  field  stand  between  the  moderately  diseased  and  nearly  disease-free 
composites. 
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Fig.  13. — Graphic  presentation  of  Table  XXV.  showing  percentage  increases  in  total  stand,  vigorous 
plants,  total  acre  yield,  acre  yield  of  marketable  corn,  and  number  of  marketable  ears  in  favor  of  nearly 
disease-free  seed  over  moderately  diseased  seed. 
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Fig.  14. — Graphic  presentation  of  the  percentage  of  field  stand  produced  by  the  two  lots  of  seed  when 
planted  at  different  dates,  the  heavy  line  representing  nearly  disease-free  seed,  the  light  line  the  mod- 
erately diseased  seed.    (Taken  from  Table*  XXI  to  XXIV.  inclusive.) 


6o8 


Journal  of  Agricultural  Research 


Vol.  XXIII,  No.  8 


o  — 

u 


* 


■St 


1 


"9 

2-2 
^>  <-j 

~     -     C] 

■«  g.s 

•  rs  8 

°^<    . 

"■**     . 

■IK'S 

*  e    - 

~£ 

~"*  "*-*  \a 

•8  §J? 


8 


53 


CD 

a 

•s 

•a 

1-9 

§■9 

d 

*)t»0  J3<I 

»0  0*0  V>00  ((CO   OO  V)OOiO  »o»o  tNI1 

H                            M            M            M                    M    W 

n 

00  ex 

00  d 
-H 

M  O 

0  d 

«    M 

-H 

uaquin^ 

hooo   nvo  'too   'too   1 1^  **•  «  M   OvO  ■*  M 

H 

\         ] 

■ 

.>?  3  >>  a 

«  Sw-g 

m 

•}II30  J3J 

CO  O    »*100    «    X    tOlOM    W)OiNN    'tO*"    0    O* 

W>M    O    r«jO    0\*-«    0»^"M    lOf^HOO    w    O    M 
M            C4HH            K     h     h            HMCtH            M    M     M 

ox  0 

t^.   M 

H41 

•0  Ox 

yd 

00 

■O    fO 

■J3qam£[ 

lOtl    ^<tM    MC-O    O    Tt'tt^  ^-O    O    «^  Q\  't  O 

M            HMM            MHM                    MMH                    HM 

•        • 

• 

am 

•}033  J3J 

00  -^-m  *»io^t^«o^M\ooo  't  mo  O  00 
f^OO   0*00   row    NO   't'tt^-'tOO   O   t-o*0    tr> 

t>-  w 

to 
w   to 

to  M 

«3 
-H 

'jaqtuntf 

to  Tt  **  <*)0  *o  fo  rnoo  «  0  m  ^doo  **  't  -*t  O 

MM«MHC<HHt-IC4HHHHronH« 

•}U30  J9J 

00  m  0  otnfov>«ow  toHoo  h  c^o  o>**>Ov 

O   w   OX  *o  w   »o*d  O*  *oo   OiHininwH^H 
»o  «»»  «  io  ia  v>  ^\o  rro  ^-o  mi^  K5  v)  v)»o 

CO 

o>  o\ 

\n  m 

*-« 

to 

1 1 

O    w 

o_h 

10  5 
M-H 

•jaqtun^ 

M    tO    tww    f^fOfOOXO*  »O00    O("lN00    « 

eo»o«  ^i«5Tf  «  u>ro»n«  locj't  n  tfO*o 

■ 

1 

Ajp  jo  }q3?3AV 

.  m  «  «  t  too  0  0  o\  m  ovoo  too  o>o\^n 

-Q   »n*0  t*O0   MMOO   0t»0\0000   TOO   Or- 

hj    H            HMHHM            M                    M                    HHM 

M 
M 

0 

0* 

*33fc}tI30 

■<t  0    «>•  *0»    «    «  00    W    M    tOOO    tO    N)0\  »T)00 
>fl  Ifl  ^  ^  ■*  ^  ^  (O  V)  >o  Ifl  »oo    t  »o  ^  t  t 

MMMMMMHMMMMMMMMMtHM 

M 

00 
4 

'paipqs  iqSpAV 

■  00    tO«    «    M    WOO    OOO    »oc--00    uio    tO    C*    t 

»C>***-0    «    W    fO«    O    «00    >-*    «    t^OO    fOWOO 

fcj    M            F4MMMHMM            MM            MMMM 

to 

M 

0 
d 

M 

•3ui|I3qs 
3JOpq*^q3p^v\. 

•   w  or»o«  oxi-i  0  ioioh  «  coOf*»o»ow 
■0   ft  o>  <o  ^t  ^  ">>fl  N   IOO   t*^">0\M   oxioto 

ig    H            CiMMMMMMMMM            MMMKM 

M 

O 

M 

W 
M 

S 
8 

3 

u 

1* 

.  r*  m  ro  O  00  too  «  «n  »^>r*t*o*o«  ot^^t 

•O  10  10O   »00   O*  ^"  «  O  O    t  tcO   O   w   f^O   w 

kjMMMWMMMMMWMWMWMHMtN 

O 

in 

M 

to 

*33B^U30 

-jad  ajn^siojv 

oOMOOt«oo^MOMt^  r*o  &  to 
%d  »ot»o»Att»o»^)  »oo  0"  t^.  to"  0"  t  w 

MMMMMMMHMMMMMHMMMM 

O 

ih 

M 

«0 

in 

-lad    Suiipqy 

t»«o  fo^oooo  t*Moo  «  w  r»t'ttO\« 
vjtot^OO   WioOO   10OO   Wtt^w^vi 

oooooococooooooooooooooooooooocooooo 

o\ 
ih 

CO 

in 

CO 

*paipqs^q3pAi 

•  CO    O    0    OOO   V)0    M    «    t"lO    COCO    lOfMO 

•ooo  0  «  r*o*«  t*o  o*m  r-»o\«  rotoo  0\0 

»vjMrOM«MC1MCl)MfOMn4Nr4MC4MCN 

00 

M 

to 

0 

w 

*3uqpqs 
ajojaq'jqSia^ 

•  0  m  r-  to  0*  toco  m  too  tor*owOO\OM 

•C    N    ifli^H    N^    0»0    «0    O    toOOO'O    tOMM 
Kj«     COMtO««MtO«CO«     tO«     NMWW     tO 

d 

d 
to 

•djob  jad  pjajA 

^   N  00  CO   moo   »nt^«   t«   OttO^OOOO   OXVlt* 
^>0  06    tOtocd    'trotH    ti.M    roO    N  *    trtCTvOO    M 

CQ  to»nci  iototto»o  too  to"^ttw  ?oto*o 

0 
m  « 

t  M 

to^ 

0 
m  t 

M    M 

O  CO* 

«^«   M 

M-H 

•8J0B 

Jdd  ppiA  l^^ox 

^OOtOMOfOMOOOt^WWvOOXKiOtO 

'H*d")r'NMftM«Is»OMts>OI>iV|«00 

CQ  t>.  r-o  r-O  n  mr»\o  r^  u-jco  to*o   iooo»o 

in 

•0  0 

m  d 

cx 

W     M 
«     M 

0  m 

6     M 

M-H 

•a3B3[nijqs 

^jOOOMMOtOO    o»o  00    t^H    OXI^>tOXO\0 

.  lotoodood  n  h  ioo\iocd  iA\dcd  n*  oNoVd 

00 
00 

H 

0 

M 

•jq3;ai\  Xap-Jiy 

«    m    tO\w    «    OvMOO    CX'tOiroWt^'tfOto 

5  m  ^■tiiot^w  tw*  r*o  tod  mo  iooxti.M 

■*t    ttPO'^fO'ttO'ttO'ttOtfOttOtOtO't 

00 

m 

trt 

•iqSiaAi  ibuiSuo 

•  in  m  t*  r*o  O  os  h  0  f-  too  to  10  0  woo 

•Ooo  m  vit*OM  too  t»io«  r>«  o*o  o»o  m 
^J  t»o^,»0'tlotW',i-»ottottttttn 

to 
to 
-a- 

to 
»o 

d 

•3 

s 

M 

a 
H 

^1 

*^U3D  ja<i 

Ott'Hlflf^OtOHtO           tfOW«tM 

to\r*w  m  d  dvwoo  tooo  d  d»t^ttd»w 

M              M              MM 

CO  00 

d  0 

0 

■too 

■»•  0 

-H 

in 

ox  M 

m  m 

-H 

*j3qran,M 

tO»r»«   m   O   Ot  H00   tOCO   O   Ovt^t^tOAW 

M            M            MM 

j           j 

• 

C/l 

p  *j 

M.S5 

*;iI3D  J3<£ 

OnvO^-Ht-OOM    MMC»0O00    O    t^-O 

d  rod  >ofi  t^  viti  toed  NtHOi-Idtt 
10  10  too   wo  t^'')^t^1■^  w>o   too 

t^>  to 
V)  H 

d  m 
"•A 

"jaqum^ 

COM     Ot«     O     10tt"-»lOM     M     OOO     0*00     tO   « 

t  »o  tOOO   iosO   t  **»  »o  Is*  t  t'*  to   t  >o  too 

j           | 

\ 

3d' 
h3 

*^TI30  jaci 

tO   fOOQ   'tO   MOO   tOkOCO   000    to   tot-* 

t  M    to  t  t  d  00   too"  O   ttWiflVlH   M   N 
00  o»oo  o»oo   oxt»cxoo   OXt^Oit^OvOO   O\00   0* 

m  d 

00 -H 

0  t 
to  d 

«."8 

W     M 

H-H 

•jaqran^ 

moo  OMMr-»ioo  totown  w  w  n  co  00  ox 
oocooo  oxcooo  *^oxoo  oxt»oxi>oxooco  r^oo 

]       ; 

i 

(A 

! 

fModerately  diseased . 
iNearly  disease-free. . . 
^Moderately  diseased . 
iNearly  disease-free. . . 
fModerately  diseased. 
\Nearly  disease-free. . . 
(Moderately  diseased. 
\Nearly  disease-free. . . 

! Moderately  diseased. 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . . 
fModerately  diseased. 
\Nearly  disease-free. . . 
! Moderately  diseased. 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . . 

ii  * 

as 

S--3 
2-3 

>  (4 

S    (J 

fl 

| 

j 

It 

*     -- 

1     j 

i  i 

*on  ^d  ros 

m         t«"OhO         *0O         OXM 
H         M         M         M         d 

Feb.  24. 1923  •' Early  Vigor,  Yield,  and  Rot  Diseases  of  Maize 


609 


;          1 

M 

•* 

;           1 

»                                   H 

0 

H 

H 

W 

ri 

m 

•* 
10 

■ 

O 

10 
H 

Percentage  increase 
of  nearly  disease- 
free  seed  over  mod- 
erately diseased 
seed 

Percentage  decrease 
of  nearly  disease- 
free     seed     under 
moderately    d  i  s  - 
rased  seed 

9 

1 
I 

J2 

i 


u 

& 


s 

u 

u 

a 

00 

■2 

"0 


I 


01 


6io 


Journal  of  Agricultural  Research  vol.  xxm,  no.  s 


3 

a -a 

O.Q 

w  3 

•}uao  jad 

O    O    o    to  n  O    0    tO    Mn^M    ci          OXO    « 

hi  too  ox  m  NwticJj  uSod  oxod  o  od  mo 

H                                                                             MM 

to 
^  o 

0  t^ 
r-  o 

-H 

o 

J^    M 

d  m 

•jaquin^j 

00    to  t  UTO    M    t  ttO   m    m    t»o    *■-  O    r-  to  m 
M     M 

Chaffy 
ears  and 

chaffy 
nubbins. 

•jnaa  jaj 

n  0  'twd  m  o»  moo  om  et  c»  ox  *»  to  m 
ox  od  od   w   OX  t  *^  d  w  od  O  N  in  N  v>  n   o\  m 

H            MM            M            M     CI            M            MMMMMM 

ox  o 

m  m 
M-H 

o 

H     0 

M-H 

t 
m  « 

t   M 

-H 

•jaqnm^j 

to   w    O  O   Q\  'too  r»*N  «vO   O   m  m   o  O   OX 

M            MM                                    M            M            MMMMM 

:         : 

Rotted 
ears  and 

rotted 
nubbins. 

•anaa  wj 

«  o  io  u->  m  wo  o  o  ooo  o»  ox  t  m  o  *o  m 
ox  «  od  i>»om  m  too"  d  to  t^  d  «  ro  ^j-  ino 

MfOfOMttOCOW     «     C*     CO   M     TtM     t    W     «     M 

•a  oo 

00 
00    11 

00     M 

OX  c* 

-H 

•jaqmn^j 

**IO«00    O  00    *-  M  O    Tf  lONftO    OX  H    to 
MttMMCtCIMMCIMCIMHMtOMttM 

." 

it 

■jnaa  ja<j 

O  0  ox  *■»  m  m  ^oo  fO  moo  o  oo  t-"0  too  O 

ooo*  rood  ^4d  4^  too"  t  m  d  -4  m  o" 

v)  m  i»)  io  to  w  m\o  't  w>fjNO  rom  ^mir,o 

in 

00 -o 

o 

00    Ci 

r»  e* 

m^ 

m 
o  *^ 

m  « 

"-H 

•Jaqmn^ 

«•*.«  ^roio^tH  io  ioo  to  to  too  to  to  t 

tO  t  f«    t  «    (O^^i^Tl-M    »OM    t  M    t  t  m 

*                 * 

3 

d 

V-    O 

ol  u 

0 

•ja}}Bin 
Ajp  jo  iq3xa,<v\. 

.  to  m  c-  1 1  o  oo  o  o  t  ox  to  io«  vomoq 
•o«d  *n  »J  rodod  ww  6  40  4  h  in  m  n  ti 

KJMMMMMM                    MMM            MMMMM 

o 

to 

M 

ox 

•a3Binao 
-jad  ajn}s;oj\[ 

«*)  »O00    t  ^-fOH    TfM    roOCO    mO  00    to  m  00 
^-  ^J-  lOO*    'fmij^ft^.ioiAin  voO    iA  irj  io  ro 

MMMMMMMMMMMMMMMMWM 

IO 

*0 
io 

M 

•paiiaqs;q3iaAV 

.    f*)  *0  fO00  «>-00   to  »n  v>  fO  «oo   *O00   O   «    N    o 

•£>  ^fc"o*  ^»oM  d  d  ■£  «  t^r^i^rooo  ^4c> 

h^MMMMMMMMMMM              MMMMH 

to 
m 

M 

*^ 

•Smnaqs 
ajojaq'iq3ia^ 

•    ^"OOO    LO0000    f0«0    ^-00    to«    O    fOO    O 
•OO*   ^-c>r-*od   fOM   ci   t^-M-d   CAOO*   m   lAt^-d 

(^JMMMMMMMMMMN            C1MC4MMM 

o 

od 

M 

ox 

to 

M 

d 
u 
o 
u 

3 

d 

+3 
U 

.M 

d 

•jaj:>Bui 
Ajp  jo  jq3iaA\ 

•    C^  rOO    f*5«    ir)UlMMt*«    io«    O    fOOO    C\  O 

■Or^o   m   m   ci   rivd   en  iA6   rj-indoo   for*,  n^j 
kJm«m«mmm«m«m«mmmmmch 

ox 
to 

M 

00 

d 

•aSBiuaa 
-jad  ajn^stojv 

o  ^two  «  o»n  0  r-^-ioo   ^r»oo  to  oio 
<t  iAo  »>4,>fl^,inN  t°-o  i>.  mo  o  o"  m  i^ 

MMMMMMMMMMMMMMMMMM 

m 

M 

to 

o 

M 

•a3Bjnao 
-jad    3nriiaqg 

m   ^MJOO  t^OOO   O   t^w   r**O00   w    Cho    m 

^■O    O    fO  I^O    V)lO  4  fON   fOO    *  4  4  4  r'j 
0000    OeOoOOOOOCOcCOOCOOQCOCOCOOQOOOQ 

0 

o 

CO 

paiiaqsiqSiajVi 

•    O    O    C*00    «00    rON    tM    O*"00    0\fO»o« 
•O   m   ^tro»0'*j-d   cjit^od   tA  ti  o    fi   m   v)MO   r^ 

KjnMMC4Mf1MdMr4MrOM(N             WM<N 

m 

o 

ox 

t 
w 

•Sntijaqs 
ajojaq°}q3ia^ 

•   O  oo  fioo  w  o  moo  o\0  mr^omroMO  m 
•o  m**-vodo  "$■«  m  m  d  diO  ro  moo  m  d*  « 

hjNCiMtOMCIWfONfOMCOHOMWMCO 

M 

ox 

t 

o\ 
e) 

•ajoB  jad  pjajA 

(^  noooo  «  «  ^j-M  fooooooooo  mmi^M  m  m 

^    m  O  O    d»00    OOO    fO^-t^MOO    f<)M    d    m    m    rA 

wj  ^-^•«  -<t«  Tffomro^tfomM  fot^^i 

00 

0     M 

e«   M 

n-rl 

O   co 

CO     M 

O     M 

•3JOB 

jad  pjaiA  jbiox 

oj  r»  o  ^-oo  m  m  ^-  m  moo  wowooooom 

^f   Oi  hco   t*O»fO00   ^t«   m   r^fot^-co   »or^.o   w 
fcqo  t*mr*mo  mr^o  r»o  i^moooo  r- 

o\  ON 

M     O 

o\ 
o>co 

o  o 

M 

O    to 

0>    M 

-H 

•aSejpnjqs 

^J     M    m   M     «0     «     O     fOO     WO00     TfCNCO    M    »oo 

.  ooo  o  m  m  ox  too  «c*o*^moxohwo\ 

AMMC4MCHMMMC4MC4MC4MC4C4C4M 

M 
W 

od 

M 

•iq3iaM  Ajp-jiy 

,,'  V  *  o  ^  r^oo  com  mo  oxm«  r^to  to  t 
"S  m  cJ  Tj-od  4  n  4  4  o>  4  o»d  4h  oVoo  »o 

to 

CO 

e* 
t 

•?q3;aAi  jBUTStio 

.mo^^m  to  00  oo  Omo*  too  too  ro«  «r» 

•O    M    «    to  t^  tO    fOtO    mdo"    tOM    d    m    t^t 

k»j  mmt*otttmmmmmtmmmtm 

t 

to 
m 

i 

d 

■3 

u 

a 
f 
>> 

d 

w 

F  0, 

■jnaa  jad 

dMnMtntOtoroMts  tto««tM 
mro"^-w  d  4  Oi  h  vd  t^tomdo*  mtoVto 

M 

0   m 
t^  O 

-H 

M     t 
t  O 

-H 

to 

OX  *>• 

«  d 

-H 

•jaqmnfj 

m*otw  oitOiH^  r»comoo  mto»to 

M 

|           j 

II 

•juao  Ja<i 

O    fOtOCO    fOOOCO    m    O\O>00    o  n    w    o    ttO 

6\o"  m  d«  ^oVd  el  m  o  dr^dmmd  m 
trnfor^rot^tot^mt-tf**  too  m  r-o  oo 

o 

M     M 

o  « 

o 
to  ox 

«  o 

CO 
«    to 

O    e* 

•jaqnm>i 

r^tOoo  m  moooo  o  ox  moo  o  **•  to  e*  oo  oo 
t  m  too  to  r*»  too  mo  to  t  ***  m  r-  io  r- 

;      ; 

•a -a 

•inaa  jad 

mo  to  ox  m  oo  cooooooo  moo  o  oo  too  too 

O0    O    tONNfOM    V>  t  tOO    to  m    io   ro  d    t  t 

oo  cxoo  ox  r»  oxoo  ox  o>  oxoo  o>  o»  cxoo  cxoo  ox 

Ol    M 

00  41 

M 

w   io 

t  o 

to  e* 

CO    w 

•jaqran^ 

ior»OttOoO   ei   mm   ioooo«   or*M   m 
oooooo  oxr-oxc^oxox  oxoo  oxoo  oxoo  oo  oo  o» 

i      ; 

•6 

s 

•s 

1 
1 

(Moderately  diseased. 
1  Nearly  disease-free. . . 
f Moderately  diseased. 
1  Nearly  disease-free. . . 
(Moderately  diseased. 
1  Nearly  disease-free. . . 
f Moderately  diseased. 
1  Nearly  disease-free. . . 
f Moderately  diseased. 
INearly  disease-free. . . 
f Moderately  diseased. 
\ Nearly  disease-free. . . 
(Moderately  diseased.. 
\ Nearly  disease-free. . . 
/Moderately  diseased. 
\ Nearly  disease-free. . . 
fModerately  diseased. 
\Nearly  disease-free. . . 

Average  of  moder- 
ately diseased  . . 

Average  of  nearly 

0) 

0 

u 

1 

o 

S 

H 

Q 

•ON  »°I<J  H°S 

M         t        •*        O        O         (OO         oxm 

Feb.  34>  1923    Early  Vigor,  Yield,  and  Rot  Diseases  of  Maize 


611 


a 


4 


-6 


i  ill 

.a -a  j:'-3 

3  3  8^ 

fc  ci  v 


C*    1    u 

oj  <u-o. 

£i  «  «- 

u  o;  3 
■♦j  a 

S8aSJ 


a 

•a 

a 


■s 


Id 

a 


■S'S 
as 


6l2 


Journal  of  Agricultural  Research 


Vol.  XXIII,  No.  8 


£•3 


I  8 
3-2 


«3 
§| 

<3  .3 

11 
i* 

i  s1 

^§& 

°    O   H 

3  «   r 

8   S^ 
^8 

0>^  ^> 
<*$  S 

Is* 


**    5C    « 


►J  5^  <•» 


3 

•a 

2 
"3 

•M  w 

1-9 

W  3 

a 

•?oaD  jaj 

N««0«MO«OOlt0M000n(0         t*.  W 

nMti^N^Mnw  m  d»  m  od  m  «  o  «« 

H                                M                  H 

to  r* 

-H 

«  NO 

to  d 

M 
M     O 

4m 
41 

•jaqnmtf 

fO  h   to  to  to  to  0t  to  n   m   f»  OiO  m   o>  0   «   N 

Chaffy 
ears  and 

chaffy 
nubbins. 

•;naa  ja<j 

O   fOOO   OMOO   t*»  On  «   "«r  m  r-  to  O  00   too 

m  <t  vi  in  lo  d  «  m  to  >o  d  m  <r  d\  w  t^  to  4 

MM                    M            M    M    M    M    M            M     M     M     M     «     M 

to  o 

to  M 

M-H 

a, 
n  m 

00 
W    to 

M     M 

41 

•jaqnmN 

OV«    T   *T  •*    t-  0\  O    M    W  00    N    OC93    (^NM 
M                    M                    m     M     M                    MM            MMM 

'■           '• 

j 

Rotted 
ears  and 

rotted 
nubbins. 

•luaajaj 

o  Otoo  troo  m  o  oo  «  moo  oo  ^  Nnoo  ro 
«   ro^«   r*jfo««««   ^-«   con   com   mm 

">-H 

o 

H 

r-  o 

4i 

•Jaqnmjj. 

nc«fOMMc«c«MMMmeinM  cimmm 

:        : 

• 

•jnaa  J3J 

H 
lO  M 

O    M 
O    M 

O*  M 

•Jaqnmj«i 

[            \ 

Si 
3 

5  . 

11 
I 

Ajp  jo  ?q3iaAi 

•  *0  »o  ^"  «^  »n  too  t^  r^  t-oo  v>oo  t^  m  «  oo  *r> 
•odd  fo»^*od  dtoxcid  th  6  **>  6  f^^w  d 

Kj    M    M    M          mm                mmmmmmm          mm 

o 

M 

o 

ci 

•a3BJ03D 

-jaci  ajnjsiojf 

m  ^-  ^-co  « >o  r*  m  in  -fl-oo  to«iM  t^  »n  ^j-  ■<$■ 
<*$  in»d  »Aa5  «$■  v>  *^*d  *d  t^  r^  t^od  »d  <5  »d  »o 

MMMMMMMMMMMMMMMMMM 

00 

O 

M 

H 

panaqs^qaiaAi. 

•  O  to  w  vi  O  tt^woooo  t«.r»M  r*o  i*)«n 

kj    H     M     M            MMMMMMMMMMMMMM 

M 

to 

w 
H 

•Snqjaqs 
ajojaq'jqaiajw 

•   «   ^"«   ^0>OiNO   N   m«0   O   OiO   «   «00   o 

•o  iAioo\m  d  -q-  -^  -«j-o6  to  d  »o  oVo  dt  »o  t^.  »o 

t^JMMMMMMMMMMMMMMMMMM 

»o 

CO* 

M 

HI 

i 

o 

3 

d 

1) 

•a 

•jaUBin 
Ajp  jo  iq3;ajy\ 

•O    d    «    «    «    ^t^tiMt^foiorflNod    ro  O    >o  Oi 

I^JnMMMMMMtiMCIMMMMMMMM 

to 

to 

HI 
HI 

-a3B}naa 
-jad  ainjsiOK 

m  O  00  00  «   roO   ,<5'0»r*PO^r  -t«  «  iono 
»*«  t^Nd  d.  'T'd  mo  in  i^od  oo  oo  06  o  win 

MMMMMMMMMM              MMMMMMM 

M 

9> 

M 

■aSBjnao 
-jad    anqpqg 

«  ^- 1*  moo  <nn  mo  ootn  an  *-.o  o.  ^f 
^  in  ^  ^  4*^  o  ti  vj«c  4  vi  »o  ^  4  4  4  w 

oooooooooooooooooooo        00000000000000 

00 

00 

4 

00 

•paiiaqs^qapjvV. 

•  00   nO   «O00   ^  noO  >OfO«   «   OO   h<0<0   On 

-o  ^-o" \d  t^t^d  m  t^Moo'odod  m««d  f^od  «" 

>^Jr4NMCTM«4«nnC1M«MtiMnM« 

od 

•Sntrraqs 
ajopq'iqarajw. 

•  O00    OtVtO   NNr-nO    tOM    «    N    O    O^OtOO 

•o  oNdod  «  m  »o4  nw  t^H  food  ri  o\  n  h  \ri 

M 

n 
n 

•a job  Jad  ppjA 

J,    V>O0O0O    Ci    ^fO<t  CJMOO    M    n    ioin^t«oo 
iNMflONmdMNMIfl^  f^OO   «   6  o"  o"   »n 

00 
00    to 

tO  M 

io 

00    M 

ON 

00  t^ 

«    M 

w41 

•ajDB 

jad  piaiA  tbioj, 

c^  o  «  <^o  ^r  «  moo  o  o\o  f>  o  «  t^-o  r>-  o 

J?  «»nd.d  ^t^ffo^d  oSo  no  no  n  mod 
LC  hMoNO'O'O  r*r*r*o  r*«ooo»0"00 

00    o. 

V5H? 

M     M 

"-H 

00  t 

41 

•a883pniqs 

^;o  »or«»H  o  O  f)M  **m«  «  io^r»^o\»n^- 
u.    •..•••...    ........ 

.    too    N  io  r- Ot  0\  WOO  *    O   t^OXt^MOO    O\00 
QMMMMMMMMMMCIMMMC1MMM 

00 

od 

M 
M 

•jqSiaAS.  Axp-Jtv 

b00    «    M    Oi  OiO    ^r**OM    OVM    M    M    W    H    N0Q 

^  ^"Ood  fodod  o\t^  wod  m  od  od  food  m  d*  m 

6 

to 

3 

•  }q3i3.u  iBntSpo 

.    M    to  »0  t*  CO  *"*O0    M    »00  O    M    to  fOOO    r*  (O  M 

*o 

•o.   eo  »oo  m   oxr-ooo  i*jr*«oo  t^«00  0   Oxm 

hj    lO»0^10^1^'^,»0«0»0»OlO*t»0^'»0^-»0 

0\ 

to 

to 

a 
•«3 
a 

•a 

u 
O 
M 

s 
w 

•inao  Jaj 

«     O    ^(OfOH     t*5«    ^M«M     (OO^OM    IOfO 

»OMdoo  «o  ei  d  »o>o«od  m  «  (omoo 

M                                            M                                           MM 

to? 
00  w 

»o 

«0  M 

-H 

M 

«  to 

IO  M 

•jaqnm^j 

iom   OOO   no   n   O   (OWflOO  h   ci   roinoO 

M                                           M                                           MM 

1        \ 

| 

la 
II 

•tmaa  aaj 

fO  to  m   O   O   0»  fOOO   »o  tooo   O*  O   0>  fO  r^O   ^t 

OodcJ   ^-MMrioVcd   ritoMM   n   ro  t*  **   d> 
tooo  to  r*  to  r*  too  roO  ^t  r*  to  t-  mo  ^t  to 

to 

oS 

M     M 

*--H 

O 

o  -t 

fO  M 

"4! 

•jaqumN. 

^-»oOm  o»0\tor»r*o  ^tft  0*0  w  too  r^ 

tOOO    to  r»  ^-O    »0O    fOO    'TO    f  t^  coo    t  to 

j       ; 

1 

31 

•^  01 

•}oao  ja,j 

^0\«  t  ^"00  O  O  M  O  fOO  O  00  ^roo  to  ^> 

o  »^d  44  «*)d  M  riArod  A  4  w  4  ri  v> 

00   O*00  00  00   O.  O  O  f  oo  oo   o\oo   a  00   COO  CO 

00 -H 

■*o> 

H    d 

01 41 

« 

id  « 
4! 

•jaqnm>i 

to  *t  **■  *■*  *■*  O  r^oo  to  0  **-o  m  n  m  t  « 
oo  o\cn.oooo  ox  oo  co  t^oooSoooo  O.CC  0*00  00 

|           \ 

j 

I 

f Moderately  diseased. 
\Nearly  disease-free. . . 

1  Moderately  diseased. 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . . 
i Moderately  diseased . 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . . 
! Moderately  diseased . 
Nearly  disease-free. . . 
Moderately  diseased . 
Nearly  disease-free. . . 
(Moderately  diseased. 
\Nearly  disease-free. . . 

Average  of  moder- 
ately diseased. . 

Average  of  nearly 
disease-free 

4J 

a 

£ 

E 
J 

c 

•OU  »ojd  nog 

m      *e**o*o      »oo      okm 

Feb.  34, 1933     Early  Vigor,  Yield,  and  Rot  Diseases  of  Maize 


'613 


CI 

■ 

<*> 
00 

• 

00 

0 

to 

00                               ■ 
V)                                     « 

05 

1/1 
0 

M 

0. 

•                                    M 

00 

•* 

: 

Percentage  increase 
of  nearly  disease- 
free  seed  over  mod- 
erately     diseased 

Percentage  decrease 
of  nearly  disease- 
free    seed     under 
moderately      dis- 

i 

1 

1 

) 
> 

) 

•a 

9 

I 
> 


3 

o 

VI 

••3 

4-* 

s 

u 

o 

a 
00 


a 


S 

9 


* 


614 


Journal  of  Agricultural  Research 


Vol.  XXIII.  No.  8 


•s&S 


**S- 


+j 

C3 
T3 

"3 
J" 

3 

cs 
•a 

\-> 

0 
M 

'? 

*c 

at 

W 

0.0 

'luao  Jaj 

«  r»  o  m  ono  co  »neo  v»  toco  O  ox  «♦  T  o  n 

d  o  c>  4  o  4o"  to  t  to  «*  **•  d  t  m  m  d  v» 
h 

O 

•ooo 
»o  d 

Tt 

CO 
O    to 

d  d 

■j^qum^ 

oo  »oco  •«*■  tN.  ^-o  to  t-  to  to  r»  o  t  m  m  o  t 

•                ' 

* 

Chaffy 
ears  and 

chaffy 
nubbins. 

•}U30  J3,J 

OO    0   V)  0   OOO  CO  m   in  V)  0   OtOO   O  T'O   O 

•ood  o  t  *"•  4  t  m  oo  m  t  d  to  mo"  h  ti« 

M            M                    MMMMMMMMMMM            M 

OOO 
to  O 

00 
M    O 

IO 

OX  M 

M     M 

'Jdqian^ 

M    lonj^V)  l»)f)0    »0  fO  O    OX  O    to  «  00    IOO 

M              H                       M     M     M     M     M     M              MMM                       M 

:       i 

Rotted 
ears  and 

rotted 
nubbins. 

}U30  J3J 

O    to  M    M    tOO  OWTtOM«OtO  »00  O  O 

to  *•*■«*  oo*  ox  r"-0  m  to  -to*  ci  o*  co  o"  co  i-".  m 
T  m  to  «  t  «  t  «  t  m  «  ro  m  m  t  «  in  m 

O    M 

n  m 

o  o 
n  « 

•jaqnmN 

T  to  io«fl^MOOO  «co  ox  m  \n  to  o  co  « 

tO   M     «     «     t0    W     T   M     tO   M     M     «     T   M     f*5«     (OH 

j 

*}U30  J3J 

OX  O  O   oco  oco  >am>h   o  n   O  (i<O00   « 

«  r-»  «  «  »o  w  m  to  »oo*  V)  O  Oi  h  mod  TO 
too  to   to  m  too  too  w,  V)nc   «5W  too 

loo 

M    CO 

M    M 
O^ 

H 

•jaqinn^ 

o  »n  to  to  co  ^-oooco  WH  O  (AM  to* 

I           j 

0) 

•— < 
to  8 

Ajp  jo  iqSia.AV 

•   «  O  ^-O  0*«  V)Oi^Oih«0  HOO  0.0  *n^- 
•^vdcood  ««d  too*  o\co  co"  'i-ro^o  »Adocd 

fcj     M              HHMMH              M              MMMMMMH 

o 
d 

M 

-J3d  ojthsiojv 

O  O    O    M    O    *tCQ    fO  tOO    to  <00  O    tf  M   *^0 

e>»ocd  »ooSo*o"  t*.i>r*.t^cd  t^-oVdcd  rit^ 

MMMMMHMMMHMHMMnMHM 

H 

00 

w 

O 

r"» 

ap3Ipqs^qS»^\. 

.  o  v>  toco  CO  ^tco  o  tooo  OOCO*TO«W« 
-c>d  ox«  ^-do"o\«  «d  t^o  d  io  d  «  d  d 

Os 
w 

M 

•Suxipqs 
9Jopq'^q3p^ 

•    wiflO   N  ^-00   n   eoco   to  «   0«0   *o  O.  O   ^  »o 
^5  ^-M  r^r^(oo>^r  t*-o  tod  oi  vio*  Tt-  xo  ^-  n 

00 
n 

O 

to 

M 

B 

o 
0 

.32 

3 
£1 

u 

m 

a 

Ajp  jo  ^q3pAV 

.    t*CO    MO    m    O    OOGO   N    0*00    CTO«    OttO'O 
•C    M  O    N  N  ti    O    fON  tf>00    OMO>fO^*"»MM 

h^HciHTiMrtHnMnctn        n        mwm 

n 

w 

H 

CO 

to 

*33l?}U30 
-J3d    3JTl}Sl0m 

n   eoeo   to  M   OiO   w   «  CO  CO   «^CO   O   M   O   ^  Ot 

o  o  co  d  oSd>o  m  i^t^o  r^  r^  d.  d  co*  co  ** 

nMMnMMM«MMMMMHf4HHM 

m 
oo 

M 

00 
M 

•aSisjnao 
-J3d     SrnipqS 

OOOO^fMMOO«»o  o*o  r*  O  «  «   N 

W    lO^-C*    tOtO^"«    *0^tn-«i-lOfOM    to«oro 
COCOCOCOCOCOCOCOCOCOCOCOCOCOCOCOCOCO 

a 

00 

«o 

00 

p^Ipqs^qSp^w 

•  t*«  oo  O  OO  «*)N«  «  »nci  «  moo  co  « 
•Q*d  m  Tfw  vjo"  *ro"  ^  «Ao  m  o\  w  w  too" 

t«4*-lfOCTfO»*«MtOMroctClMNMC<Hn 

•o 

H 

0> 

•Stnnaqs 
aJopq'^qSta^ 

•  C0»n00i0Mt*-00V>O»nMM0\««Oio 

^hiniOKCod&H*   oSd   o\m   <o4  ^ro  O  m 

kj     H     r^N     Tf   h     f*)H     ^J-M     TfM     tOM     fOM     M     M     fO 

M 

«5 

•aiDB  lad  ppf  A 

J,  oco  wibftn  m  toco  oo«  tow  *on  to»-<\o 

^  nm"  oi  »f)  r*»o  mmw  ^-oo  d  h  4  h  h  \d  di 
Wj  n  o  too  «  ^-  too  too  <t-to«  »o«  ^r«  ^> 

-O  00 

d  « 

OlOO 

ON 
to  »o 

•a  job 

jad  piaiA  i^ox 

<A  ttooco  o«t*«  m  totor^t^t^^-ox^fw  o 

^?  «*d  «  noo  d  »A4«od  m  d  o*t"''t'*-o\ 
CQ  o  co  co  oxo  t*  r^co  r-cococoo  tN.mooo 

-00 

O    M 

O.    HI 

°-H 

ON 

•>»■  •* 

CN  w 

t  ON 

d  ►. 

•a3B3prtrqs 

^    «J    tnO«    >fl*»  W(OM    IOW1  t  N    N«    t-t    M    t* 

.  h  o  h  in  ri  »*»cd  co  *od«,fl'dcdod  4m  »om 
[>nMnMCiMnMCiMncieiMn«cirt 

T 

o 

ON 

M 

•}q8iaAS.  Ajp-iiy 

toO    OO    ^0»0<M    fOO»t-*M    t^^tM    «    o    O 

J2  ct  t*.pi  d»tocjvtooo"  tooMod  m  oim  m  4 

J2    *^W|WJ^^^Vt^lri^WlfOVJtt)^^^ 

O 

3 

to 
d 

-)q3t3M.  IBOT3UO 

.■  r*ifco  toOO  ^tr*co  Oco  et  0\«0  noO  m 

•O  toco  viOO   O   MOO   m   Mfl^«i(*)M   «   ^o 
i^j  utmo  r»»oOoooooo  *oo  v>  m  wvi 

to 

00 

to 

ii 

*}uao  Jaj 

tOOOM     IflM     fOnMn     tOM     ^-M     ^ffO«M 

m  m  to  n  m   toed  4  to  »n  f*  W  d  ei  OO  »o  « 

MMM                                                           M 

o>.  d 

n  to 

to  d 

■tf 

O.00 

to  d 
-H 

•jaqum^i 

m  m  *o  n  m  toco  ^  n  v)  tx  ff)  o  «  o»o  *o  « 

MMM                                                           M 

;        ': 

in 

3  » 

o  *-> 

>a 

'%ux>  jaa 

00    f*   -T   *0   -T   O  CO    O    O    «    0«O    «    ^"O  00    OX 

vnHtJ  m  o*  »ood  4*no«  d  4»d»  mod  ri 
to  o  co  o  t*o  r*r*r»r^ooo  ma«<o  t» 

O  00 

00 

O     M 
IO  tH 

M 

O   « 

M     Ct 

•jaqranj^ 

t  wooooco  «o  m  «o  O  **«o  r*too  O 
TO  *or*»or*o  r*«r*r*r*r»o  t*»noo  r* 

•        1 

si 

}oao  J9j 

O  CO  O  OO    TOOOO   N  WHO  «)  m  ^  ^  «fl  <fl 

o\  t  m   too"   o\  M   d   d   M  00  CO*   tOCO   T  V>00  CO* 
CO   0  o  oco   O  O  Ot  O  OCO  OQ  CO  CO  CO  CO  00  CO 

to 

to*o 

oo  d 

28 -H 

00 

tooo 
w  d 

tO   M 

•jaqran^ 

vq   m  OO   O   to  moO   r*t^omioO   vj  m   «   in  \r> 
CO    OOO    OOO    OOOOOCOCOOOOOOOCOOOOOCOCO 

i 

1 

fModerately  diseased. 
1  Nearly  disease-free. . . 
J  Moderately  diseased. 
1  Nearly  disease-free. . . 
JModerately  diseased. 
1  Nearly  disease-free. . . 
JModerately  diseased. 
1  Nearly  disease-free. . . 
fModerately  diseased. 
1  Nearly  disease-free. . . 
fModerately  diseased. 
1  Nearly  disease-free. . . 

i Moderately  diseased. 
Nearly  disease-free. . . 
Moderately  diseased. 
Nearly  disease-free. . 
Moderately  diseased. 
Nearly  disease-free. . . 

•a  a) 

0  VI 

S3 
2'-3 

>  a 

< 

>.  • 
"C    . 
rt    ■ 
<i  v 

a  g 

oo  Xj 

< 

c 

•ok  ^ojd  ip$ 

m         •*         r-         »        O         tOO         ©m 

Feb.  34.  i9»3    Early  Vigor,  Yield,  and  Rot  Diseases  of  Maize 


615 


o 

* 


d> 


00 
4 


ilii 

.3-9  gg 


I 
Si  Ilii! si 

0  o—  «  m  B  oi  B 
Phi  Ph 


14; 

If 


a 


(9 


s 

U 

00 

a 

en 

1 


a 


26551—23 3 


6i6 


Journal  of  Agricultural  Research  voi.xxih.no.  s 


As  the  season  advanced  and  conditions  became  more  favorable  for  the 
growth  of  the  weaker  plants  the  difference  in  field  stand  became  less, 
being  only  3.0  per  cent  in  the  last  planting  (fig.  14). 

Table  XXV. — Summary  of  data  in  Tables  XXI  to  XXIV  inclusive,  showing  percent- 
age increases  in  favor  of  nearly  disease-free  seed  over  moderately  diseased  seed 


Date  of  planting. 

Percentage  increase  in  favor  of  nearly  disease-free  seed. 

Total 
stand. 

Vigorons 
plants. 

Total 
yield. 

Yield  of 

marketable 

corn. 

Market- 
able ears. 

May       7 

14 
21 

30 

15.0 

9-7 

7-7 
3-4 

53-4 
56.8 
49.8 
17.  2 

17.  2 

14.5 
10.5 

15- 1 

49-3 
50.0 

35-8 
79-4 

31.6 

35- ° 
33- 0 
67.4 

70 


&O 


GO 
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/va/tr// 


Fig.  1 5.— Graphic  presentation  of  the  percentage  of  kernels  in  the  two  lots  of  seed  which  produced  vigorous 
plants  when  planted  at  different  dates.  The  heavy  line  represents  the  nearly  disease-free  seed,  the  light 
light  line  the  moderately  diseased  seed.    (Taken  from  Tables  XXI  to  XXIV,  inclusive.) 


From  all  these  data  it  will  be  seen  that  reduction  in  percentage  of 
field  stand,  due  to  the  use  of  infected  or  susceptible  seed,  depends  on 
several  factors,  among  which  are  the  extent  of  infection  and  the  general 
condition  of  the  soil  in  which  the  seed  is  planted.  There  seems  to  be 
little  doubt  that  the  planting  of  seed  infected  with  or  susceptible  to  the 
root  and  stalk  rot  pathogenes  is  responsible  for  many  unsatisfactory 
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field  stands  and  constitutes  an  important  loss  to  the  corn  crop.  This 
is  especially  true  with  corn  planted  early  when  weather  and  soil  con- 
ditions are  more  or  less  unfavorable  for  germination  and  growth.  How- 
ever, a  good  field  stand  grown  from  diseased  or  disease-susceptible  seed 
is  no  insurance  against  reduction  in  total  yield.  This  fact  is  brought  out 
in  Table  XXVI  where  the  difference  in  field  stand  is  only  3.0  per  cent 
and  the  difference  in  total  yield  is  10.4  bushels  per  acre.  It  also  occurs  in 
Table  XXIV  where  there  is  a  difference  of  3.4  per  cent  in  field  stand  and 
7.0  bushels  in  total  yield.  Moreover,  in  view  of  the  results  obtained  by 
Kiesselbach  and  Ratcliff  (25),  it  does  not  appear  probable  that  the  reduc- 
tions in  total  field  stand  are  an  adequate  explanation  for  all  the  reductions 
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Fig.  16. — Graphic  presentation  of  the  percentage  of  marketable  corn  (by  weight)  produced  by  the  two 
lots  of  seed  at  different  dates  of  planting.  The  heavy  line  represents  the  nearly  disease-free  seed,  the 
light  line  moderately  diseased  seed.    (Taken  from  Tables  XXI  to  XXIV,  inclusive.) 


in  total  yield  in  the  experiments  herein  reported.  An  analysis  of  all  the 
data  shows  that  reduced  stands  may  be  considered,  in  a  great  majority 
of  instances,  an  indication  that  a  considerable  portion  of  the  corn  popula- 
tion in  question  has  grown  from  infected  or  susceptible  seed  which  in 
turn  is  responsible  for  much  of  the  reductions  in  total  yield.  The  fact 
remains,  however,  that  reductions  in  total  yield  herein  reported  can  be 
traced  to  the  use  of  infected  seed  and  represent  losses  encountered  in 
actual  farm  practice. 

The  reductions  in  early  vigor  in  the  corn  grown  from  moderately 
diseased  seed  were  well  marked,  with  a  very  few  exceptions,  throughout 
all  the  experiments  reported  for  1921.  The  differences  of  24.4i2.14, 
26.2i2.38,  23.6i2.46  and  11.oi2.21  in  percentage  of  vigorous  plants 
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presented  in  Tables  XXI  to  XXIV,  and  figures  9  to  12  and  figure  15 
are  very  significant.  (PI.  7.)  Inasmuch  as  the  majority  of  weak  plants 
are  either  barren  or  nubbin  producers,  the  differences  in  percentage  of 
weak  plants  probably  contributed  to  the  wide  differences  in  yield  at  the 
end  of  the  season. 

The  differences  of  17.oi1.89,  16.oi1.74,  12. 8±  1.79,  and  24.3i2.59 
bushels  per  acre  of  sound  corn  are  greater  than  the  differences  in  total 
yield  and  are  of  greater  economic  importance  to  corn  growers.     This  is 
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Fig.  i  7.  —Graphic  presentation  of  the  total  number  of  rotted  ears  (continuous  lines)  and  the  total  number  of 
chaffy  ears  (broken  lines)  produced  by  the  two  lots  of  seed  at  different  dates  of  planting.  The  heavy 
lines  represent  the  nearly  disease-free  seed,  the  light  lines  moderately  diseased  seed.  (Taken  from  Tables 
XXI  to  XXIV,  inclusive.) 


especially  true  in  seasons  like  192 1  when  conditions  were  so  favorable  for 
the  development  of  ear  rots.  The  differences  in  the  yield  of  marketable 
corn  presented  in  Tables  XXI,  XXII,  XXIII,  and  XXIV  and  figures 
9,  10,  and  1 1  are  similar  to  those  reported  for  1920  and  are  well  correlated 
with  differences  in  early  vigor  (fig.  13).  However,  the  results  from  the 
fourth  planting  that  are  presented  in  Table  XXIV  require  some  addi- 
tional explanation.  Although  the  difference  in  early  vigor  was  the  least 
in  the  last  planting,  yet  the  difference  in  yield  of  sound  corn  in  this  same 
planting  was  the  greatest  (Table  XXV  and  fig.  12).    The  late-planted 
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corn  suffered  more  from  the  combination  of  ear  worm  attack  and  weather 
conditions  favorable  to  the  development  of  ear  rots.  Both  lots  of  corn 
were  attacked  approximately  to  the  same  extent  by  the  earworms,  but 
the  corn  grown  from  moderately  diseased  seed  proved  to  be  much  more 
susceptible  to  the  attacks  of  fungi  following  earworm  injury  than 
corn  grown  from  nearly  disease-free  seed.  Only  36.5  per  cent  of  the 
ears  from  the  moderately  diseased  seed  were  sound,  while  61. 1  per  cent 
of  the  ears  from  the  nearly  disease-free  seed  were  sound.  Figure  16 
presents  graphically  the  percentage  of  marketable  corn  by  weight  pro- 
duced by  the  moderately  diseased  and  nearly  disease-free  seed  from  the 
different  dates  of  planting. 

A  further  analysis  of  the  data,  graphically  presented  in  figure  17, 
shows  that  the  increases  in  unmarketable  corn  in  the  later  plantings  from 
the  moderately  diseased  seed  were  due  to  the  increased  number  of  rotted 
ears  and  not  to  any  increase  in  number  of  chaffy  ears.  The  decrease  in  the 
percentage  of  chaffy  ears  in  the  last  three  plantings  from  the  moderately 
diseased  seed  is  accounted  for  by  the  increased  number  of  chaffy  ears  that 
were  rotted.  Ears  and  nubbins  both  rotted  and  chaffy  were  placed  in  the 
rotted  class,  since  the  rotting  was  considered  more  detrimental  than  the 
chaffmess.  The  decreased  percentage  of  rotted  ears  in  corn  grown  from 
the  nearly  disease-free  seed  as  compared  with  that  grown  from  the  mod- 
erately diseased  seed  is  very  significant  and  indicates  that  the  corn  grown 
from  nearly  disease-free  seed  possessed  considerably  more  resistance  to 
injury  by  the  fungi  causing  ear  rots,  as  well  as  more  resistance  to  the 
root  and  stalk  rots,  when  planted  in  infested  soil. 

Additional  data,  similar  to  those  in  Tables  XXI  and  XXII,  are  pre- 
presented  in  Table  XXVI.  A  comparison  of  the  field  performance  of 
the  corn  planted  from  the  three  different  seed  lots,  varying  considerably 
in  percentage  of  infection,  shows  that  the  diseased  seed  is  associated  with 
reduced  field  stand,  reduced  percentage  of  vigorous  plants,  increased 
percentage  of  weak  plants,  and  reduced  total  yield,  as  well  as  reduced 
yield  of  sound,  marketable  corn.  A  considerable  part  of  the  increased 
yield  of  sound  corn  from  the  nearly  disease-free  seed  is  due  to  the  smaller 
percentage  of  rotted  ears. 
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Some  strains  of  Reid  Yellow  Dent  have  proved  to  be  very  susceptible 
to  the  root,  stalk,  and  ear  rot  diseases  when  planted  in  infested  soil  or 
when  the  seed  was  inoculated  at  planting  time  with  Gibberella  saubinetii. 
Frequently  ears  of  such  strains  of  corn  are  so  badly  infected  that  it  is 
impossible  to  select  from  them  seed  that  is  reasonably  disease-free, 
regardless  of  the  number  of  ears  tested  on  the  germinator.  Seed  from 
such  a  strain  of  Reid  Yellow  Dent  was  included  in  the  inoculation 
experiments  conducted  in  cooperation  with  Dr.  James  G.  Dickson  in 
192 1  on  clean  and  infested  soil,  including  early  and  late  plantings.  Corn 
grown  from  this  seed  proved  to  be  very  susceptible  to  injury  by  the 
organism  (Gibberella  saubinetii)  with  which  it  was  inoculated.  The  corn 
in  the  inoculated  plots  had  a  slightly  reduced  stand  and  a  much  lower 
percentage  of  vigorous  plants  than  in  the  uninoculated  plots  planted  with 
the  same  lot  of  seed.  The  differences  in  percentages  of  strong  plants  in 
corn  grown  from  this  diseased,  susceptible  seed  and  in  that  grown  from 
the  nearly  disease-free  seed  were  very  similar  to  those  reported  in  Tables 
XXI  to  XXIV  and  XXVI.  The  very  best  seed  that  could  be  selected 
from  this  strain  by  use  of  the  germination  test  averaged  27.5  per  cent 

Table  XXVII. — Total  yield  and  yield  of  marketable  corn  as  influenced  by  diseased,  ° 
susceptible,  b  and  nearly  disease-free  c  seed  planted  at  different  dates  on  clean  soil 
and  infested  soil  at  Bloomington,  III.,  in  IQ2I 

INFESTED  SOU, 


Date  of 
plant- 
ing. 


May   10 


30 


Condition  of  seed. 


Original    composite    of 
susceptible  seed  ° 

Selected  _  composite    of 
susceptible  seed  * 

Nearly  disease-free  com- 
posite c 

Original    composite    of 
susceptible  seed 

Selected    composite    of 
susceptible  seed 

Nearly  disease-free  com- 
posite  


Yield  data. 

Total 

| 

stand. 

Marketable 

Unmarketable 

O 

"0 
J 

>> 

2  w 
O 

b 
a 

■d 

*§ 

3 

corn. 

corn. 

■a 

i 

3 
cs 

S 

3 

9-9 

in  .A 

3  a 
•a  •a 

<u  a 
*->  +J 

O 

.9 

£> 
X! 

3 

a 
•0 
a 
3 
0 
w 

a 

Sz; 

PL, 

> 

U    ^ 

Is 

1 

8-° 
H 

a 

u 
> 

*»   . 

v  fe 

y  fe 

A)    ?> 

10 

Bus. 

Bus. 

Lbs. 

Bus. 

Lbs. 

P.ct. 

P.rf. 

P.ct. 

P.d. 

312 

86.7 

77-6 

48.0 

61.8 

54- S 

29.6 

38.2 

48-7 

S3- 9 

34-6 

2-  2 

9-3 

333 

92-5 

78.3 

50.0 

63-9 

54-2 

28.3 

36.1 

47-7 

54- 2 

34-9 

2-5 

8-5 

354 

98-3 

89.7 

69-3 

77.2 

58.5 

20.4 

22.8 

Si- 5 

71-3 

17.7 

3-2 

7.8 

320 

88.8 

76-s 

37-7 

49-3 

52.0 

38.8 

SO- 7 

49.0 

45-5 

42.0 

4-2 

8-3 

334 

92.8 

71.8 

39-7 

55- 3 

52-5 

32.1 

44-7 

49.2 

49-5 

4°-S 

2.4 

7.6 

3S4 

98-3 

81.5 

59-3 

72.7 

56.  S 

22.2 

27-3 

51-3 

68.5 

25.0 

1-3 

5-2 

CLEAN  SOIL 


38 


Original  composite  of 
susceptible  seed 

Selected  composite  of 
susceptible  seed 

Nearly  disease-free  com- 
posite  

Original  composite  of 
susceptible  seed 

Selected  composite  of 
susceptible  seed 

Nearly  disease-free  com- 
posite  


319 

88.6 

81.0 

51.8 

63-9 

S3-S 

29.2 

36.1 

49.2 

54-7 

30- 8 

6.9 

336 

93-4 

75- 7 

42.  S 

56.1 

54- S 

33-2 

43-9 

48.7 

48.0 

32.  S 

8.8 

346 

96.1 

90.6 

73-  0 

80.5 

S8.3 

17-6 

19- S 

50.8 

71- 1 

19.0 

1.9 

332 

92.1 

94.9 

S3- 9 

56.8 

53-6 

41.0 

43-2 

49-7 

50.2 

38.0 

3-5 

345 

95-8 

95- 4 

55-2 

S7-8 

S3- 8 

40.2 

42.2 

50.0 

51-5 

37-o 

4.0 

3S3 

98.2 

104.7 

81.6 

77-9 

57-8 

23.1 

22. 1 

52.6 

73-9 

16.2 

1.6 

7.6 

10.7 

8.0 
8.3 

7-5 
8-3 


0  96.5  per  cent  viable  and  38.6  per  cent  diseased. 
*  98.9  per  cent  viable  and  27.5  per  cent  diseased. 
»  99.9  per  cent  viable  and  3.5  per  cent  diseased. 
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diseased.  Although  the  complete  data  and  discussion  regarding  these 
experiments  are  reserved  for  other  publications,  a  limited  number  of 
these  data  are  presented  in  Table  XXVII  to  show  the  influence  of  seed 
infection  and  susceptibility  to  the  root  and  stalk  rots  to  total  yield  and 
yield  of  marketable  corn,  with  special  reference  to  the  percentage  of 
rotted  ears. 

The  field  stand  data  (Table  XXVII)  are  of  particular  interest.  Many 
investigators  would  consider  a  field  stand  of  92.5  to  95.8  per  cent  a 
satisfactory  stand.  These  stand  data  lend  further  emphasis  to  the  fact 
that  satisfactory  field  stands  are  no  guarantee  against  losses  due  to  the 
root,  stalk,  and  ear  rot  diseases. 

Table  XXVIII. — Summary  of  data  presented  in  Table  XXVII,  showing  percentages 

of  rotted  ears  and  yield  of  marketable  com 


INFESTED 

SOIL 

Early  planting. 

Late  planting. 

Condition  of  seed. 

Yield  of 

marketable 

corn. 

Rotted 
ears  and 
nubbins. 

Yield  of 

marketable 

corn. 

Rotted 
ears  and 
nubbins. 

Selected  composite  of  susceptible  seed 

Nearly  disease-free  composite 

Bushels. 
50.  O 

09-3 

Per  cent. 

34-9 
17.7 

Bushels. 
39-7 
59-3 

Per  cent. 

40.  5 
25.0 

CLEAN  SOIL 


Selected  composite  of  susceptible  seed. 
Nearly  disease-free  composite 


37-  o 
16.  o 


Although  there  was  a  consistent  reduction  in  total  yield  in  the  corn 
grown  from  the  diseased,  susceptible  seed,  the  greatest  and  most  im- 
portant differences  were  in  the  yields  of  sound,  marketable  corn  and  the 
percentages  of  rotted  ears.  These  items  are  summarized  in  Table 
XXVIII  and  figures  18  and  19.  In  both  plantings  and  on  both  infected 
and  clean  soil  the  corn  grown  from  diseased,  susceptible  seed  produced 
more  rotted  ears  and  a  much  lower  yield  of  marketable  corn.  The 
bushel  weights  indicate  that  the  marketable  corn  produced  by  the  nearly 
disease-free  seed  was  of  better  quality  than  that  produced  by  the  dis- 
eased, susceptible  seed. 

The  results  secured  at  Urbana,  reported  in  Table  XXIX  and  figure  20, 
were  obtained  from  corn  grown  from  the  same  moderately  diseased  and 
nearly  disease-free  seed  composites  as  the  date-of-planting  experiments 
conducted  at  Bloomington,  reported  in  Tables  XXI  to  XXV.  The  soil, 
however,  was  much  higher  in  fertility  than  that  of  the  Bloomington 
plots;  in  fact,  the  Urbana  soil  was  in  a  better  state  of  balanced  fertility 
than  the  average  Corn  Belt  soil  will  be  for  several  years.  The  standards 
for  classifying  the  plants  into  vigorous,  semivigorous,  and  weak  were 
based  entirely  on  height  measurements.  Plants  from  the  moderately 
diseased  seed  were  grouped  into  three  approximately  equal  divisions 
according  to  height.  This  same  standard  when  applied  to  the  plant 
populations  from  nearly  disease-free  seed  gave  relatively  high  percentages 
of  vigorous  plants  and  low  percentages  of  weak  plants. 
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Fig.  19. — Graphic  illustration  of  the  total  yield  and  yield  of  marketable  and  unmarketable  corn  (in 
bushels  per  acre)  produced  by  a  selected  composite  of  susceptible  seed  and  by  nearly  disease-free  seed. 
(Taken  from  Table  XXVII.) 

Table  XXIX. — Influence  of  an  early  date,  two  intermediate  dates,  and  a  late  date  of 
planting  of  moderately  diseased  and  nearly  disease-free  seed  on  early  vigor  and  yield. 
Reid  Yellow  Dent  grown  on  infested  soil  of high  fertility .     Urbana,  III.,  in  IQ2I 


Time  of 
plant- 
ing. 


May     2 


31 


Early-vigor  data. 


Condition  of 
seed. 


[Moderately   dis- 

I    eased 

Nearly    disease- 

[    free 

Moderately   dis- 
eased  

Nearly    disease- 

I     free 

[Moderately  dis- 
eased  

Nearly  ;disease- 

1    free 

Moderately   dis- 

I    eased 

I  Nearly    disease- 
[    free 


Total 
stand. 


01 

.0 

S 


1,464 

I.  S99 
1,448 
1,  626 
1.477 
1,  593 
i,  691 
1,784 


86.8 
9S  •» 
85.7 
96.4 
88.7 
94.8 
88.  a 
92.9 


Vigorous 
plants. 


& 

a 

3 


352 
914 


21.  6 
58.1 


385  24. 9 
i,  362  81. 1 

578  34-  2 
1,028161.  5 

496  25.  8 
1. 199  *5-  5 


Weak 
plants. 


681 
123 

513 
88 
410 
211 
452 
55 


39-  I 

6.4 

28.2 

S-O 

21.5 

135 

23- 9 

2.9 


Yield  data. 


a 

2 
"3 

'>. 

3 

o 


Bus. 
90.9 

100.  7 

86.3 

99-8 

77.0 

90.5 

790 

899 


2 

% 


a  a 


Bus. 
73-4 

89.6 

69.4 

85.2 

57-4 

79.  1 

55-9 
76.6 


Market- 
able 
ears. 


b 


902 
I,  no 

790 

I,  022 
746 

1,004 
860 

I.  144 


I 

b 


67. 2 
76.1 
64-3 

72- 3 

58.1 

73-2 
61.4 
729 


Rotted 
ears  and 
rotted 
nub- 
bins. 


174 
114 
170 
138 
190 
128 
192 
166 


Chaffy 
ears  and 
chaffy 
nub- 
bins. 


13.0   130 

7.8:  80 
13- 9!  128 

9.  8  128 
14.  8    170 


93 
137 

10.  6 


96 

222 
114 


9-7 
5-  5 

10.  4 

90.5 
132 

7.0 

15-9 

7-3 


Sound 
nub- 
bins. 
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154 
140 
126 
178 
144 
126 
144 
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Cm 


IO.  I 

10.  6 
n.  4 

ag . 
8.9 

13- 9 

10.5 

9.0 
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Fig.  jo. — Graphic  summary  of  Table  XXIX,  showing  comparative  results  from  'planting  moderately 
diseased  (A)  and  nearly  disease-free  (B)  seed  on  four  different  dates.  Upper  pair,  vigor  of  seedlings  (in 
percentages) ;  middle  pair,  relation  of  seedling  vigor  to  acre  yield  in  bushels  of  marketable  and  unmarket- 
able shelled  corn;  lower  pair,  comparative  percentages  by  number  of  marketable  ears,  rotted  ears  and 
nubbins,  chaffy  ears  and  nubbins,  and  sound  nubbins. 
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SUMMARY 

1.  Studies  were  conducted  with  diseased  and  apparently  disease-free 
seedlings,  transplanted  from  the  germinator  to  the  field.  The  disease- 
free  seedlings  made  more  rapid  increases  in  height  and  circumference 
than  the  diseased  seedlings  during  the  first  25  days.  The  plants  devel- 
oped from  the  disease-free  seedlings  gave  a  much  higher  yield  of  grain 
than  the  plants  from  diseased  seedlings. 

2.  Approximately  153,000  corn  plants  were  classified  during  their  early 
growth  stages  as  vigorous,  semivigorous,  or  weak.  Of  this  number,  more 
than  6,ooo  were  harvested  individually  and  the  plant  yields  determined. 
The  populations  were  grown  from  both  diseased  and  relatively  disease- 
free  seed. 

3.  Early  height  and  yield  of  corn  plants  were  found  to  be  corre- 
lated directly.  In  most  cases  the  coefficient  of  correlation  was  suffi- 
ciently large  to  be  significant. 

4.  Plants  strong  and  vigorous  in  their  early  stages  of  growth  produced 
a  larger  percentage  of  good-sized  ears,  and  therefore  higher  yields  of 
grain,  and  matured  their  grain  somewhat  earlier  than  the  weaker  ones, 
regardless  of  height  at  harvest  time. 

5.  Plants  weak  in  their  early  stages  of  growth  usually  produced  nub- 
bins only,  or  were  barren. 

6.  Yields  were  recorded  on  the  basis  of  marketable  and  unmarketable 
corn,  the  latter  consisting  of  small  nubbins,  rotted  ears,  and  light  chaffy 
ears. 

7.  Nearly  disease-free  and  moderately  diseased  seed  were  compared 
under  different  conditions  in  a  number  of  experiments  at  Bloomington, 
Urbana,  and  elsewhere  in  Illinois. 

8.  Corn  grown  from  seed  not  infected  with  the  root  and  stalk  rot 
pathogenes  or  not  susceptible  to  the  root  and  stalk  rots  had  a  higher 
percentage  of  strong,  vigorous  plants,  a  lower  percentage  of  weak  plants, 
and  produced  higher  total  yields  and  higher  yields  of  marketable  corn 
than  corn  grown  under  comparable  conditions  from  infected  or  susceptible 
seed. 

9.  Corn  populations  grown  from  seed  infected  with  one  or  more  of  the 
root  and  stalk  rot  pathogenes  or  susceptible  to  the  root  and  stalk  rots 
produced  a  much  lower  yield  of  sound,  marketable  corn  and  a  larger 
percentage  of  nubbins,  rotted  ears,  and  light  chaffy  ears  than  corn  grown 
from  seed  relatively  free  from  and  resistant  to  infections. 

10.  Corn  earworms  seem  to  show  little  preference  between  corn  from 
diseased  or  nearly  disease-free  seed  within  a  variety,  but  the  total  injury 
on  the  latter  is  much  less  because  the  worm  injury  is  not  followed  by 
ear  rots  to  the  extent  it  is  on  the  former. 

11.  Relatively  disease-free  seed  ears  selected  from  badly  rotted  plants 
proved  to  be  inferior  to  relatively  disease-free  seed  ears  selected  from 
apparently  disease-free  plants,  especially  when  the  comparisons  were 
made  on  infested  soil. 

12.  Not  all  lots  of  seed  corn  are  suitable  for  selecting  disease-free  seed 
corn.  Some  types  of  corn  are  so  susceptible  to  disease  that  seed  which 
passes  a  good  test  on  the  germinator  proves  very  susceptible  when 
planted  in  infested  soil. 

13.  Corn  resistant  to  root  and  stalk  rots  is  also  resistant  to  ear  rots. 
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CONCLUSIONS 

i.  Early  vigor  and  yield  of  the  corn  plant  are  closely  correlated. 

2.  Variations  in  early  vigor  are  due,  not  simply  to  chance,  but  to  certain 
factors,  genetic,  physiologic,  and  pathologic,  which  are  more  or  less  under 
the  control  of  the  investigator,  the  corn  breeder,  and  the  corn  grower. 

3.  The  importance  of  the  disease  factor  demands  that  it  be  given  a 
prominent  place  in  any  program  which  aims  at  the  permanent  improve- 
ment of  the  corn  crop. 
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PLATE  i 

Characteristic  appearance  of  vigorous  and  weak  young  corn  plants. 
A. — A  healthy,  vigorous  plant,  grown  from  disease-free  seed. 

B. — A  weak  plant,  stunted  in  size,  and  somewhat  chlorotic,  grown  from  diseased 
seed. 

C. — A  weak  plant,  chlorotic  and  partly  blighted,  grown  from  diseased  seed. 
D. — A  weak  plant,  very  chlorotic  and  nearly  dead,  grown  from  diseased  seed. 
All  plants  were  of  the  same  age  and  were  drawn  to  the  same  scale. 
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PLATE  2 

Representative  ears  of  unmarketable  corn. 

A. — Rotted  ears.  This  classification  includes  not  only  totally  rotted  ears  but  also 
those  that  are  partly  rotted.  Ears  of  the  latter  kind  may  be  composed  largely  of  good 
kernels,  but  when  shelled  the  rotted  portion  would  greatly  reduce  the  market  grade 
of  the  whole. 

B . — Chaffy  ears.  There  is  some  space  between  the  kernels  so  that  the  ears  can  easily 
be  bent  and  twisted.  Such  kernels  are  light  and  poorly  developed  and  consequently 
have  little  market  value.  Chaffy  ears  that  also  showed  signs  of  rot  were  placed  in  the 
rotted  class  shown  in  A  because  the  rotting  is  more  detrimental. 

C. — Nubbins.  Although  most  of  the  kernels  here  shown  would  be  good  for  feeding 
purposes,  most  of  these  nubbins  would  be  missed  by  the  average  corn  husker.  Further- 
more, a  large  percentage  of  nubbins  is  produced  by  weak  diseased  plants. 
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PLATE  3 

A. — Representative  ears  of  marketable  corn.  Compare  with  unmarketable  corn, 
Plate  2. 

B. — On  the  left,  an  ear  of  a  resistant  type  grown  from  disease-free  seed  and  resistant 
to  ear  rots.  On  the  right,  an  ear  grown  from  diseased  seed  and  susceptible  to  ear  rots. 
Both  ears  were  injured  by  the  ear  worm  approximately  to  the  same  extent.  On  the 
resistant  type  (left)  the  injury  was  confined  to  that  done  by  the  worm,  which  injury 
was  practically  negligible  as  far  as  marketing  is  concerned.  On  the  other  ear  (right), 
susceptible  to  ear  rots,  the  worm  injury  was  followed  by  fungous  rots  which  made  it 
practically  worthless. 
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PLATE  4 

Total  yield  from  moderately  diseased  and  disease-free  seed  of  Reid  Yellow  Dent 
planted  simultaneously  in  two  parallel,  io-hill  plots,  at  Bloomington,  111. 

A. — Product  from  10  hills  grown  from  moderately  diseased  seed.  Ears  seventh  and 
eighth  (from  left)  were  chaffy,  ninth  and  twelfth  were  partly  rotted,  and  fifteenth  was 
a  nubbin. 

B. — Product  from  10  hills  grown  from  disease-free  seed.  All  these  ears  would  be 
considered  marketable. 


PLATE  5 

A. — Two  hills  of  corn  of  same  age,  photographed  44  days  after  planting.  The  hill 
on  the  left  contains  two  plants  from  diseased  seed,  the  hill  on  the  right  three  plants 
from  disease-free  seed. 

B. — Same  hills  as  in  A,  photographed  120  days  after  planting.  The  hill  on  the  left 
produced  380  gm.  and  the  hill  on  the  right  930  gm.  of  air-dry  shelled  corn. 
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PLATE  6 

Adjacent  plots  of  Reid  Yellow  Dent  planted  at  the  same  time,  on  uniform  soil, 
and  photographed  on  the  same  day,  at  Urbana,  111. 

A. — Plot  grown  from  moderately  diseased  seed.  This  plot  contained  a  large  per- 
centage of  weak  plants. 

B. — Plot  grown  from  nearly  disease-free  seed.  This  plot  had  55  per  cent  more 
vigorous  plants  than  the  plot  shown  in  A. 


PLATE  7 

Adjacent  plots  of  Reid  Yellow  Dent  planted  at  the  same  time,  on  uniform  soil, 
with  rows  the  same  distance  apart  and  same  number  of  kernels  per  hill,  and  photo- 
graphed on  the  same  day,  at  Bloomington,  111. 

A. — View  down  the  center  of  four  rows  planted  with  moderately  diseased  corn. 

B. — View  down  the  center  of  adjacent  four  rows  planted  with  nearly  disease-free 
corn. 

Note  the  increase  in  size  and  vigor  of  the  plants  in  B .  Note  that  in  A  leaves  barely 
meet  between  the  rows  in  the  center  of  the  pircture  while  in  B  they  overlap  con- 
siderably. 
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EFFECT   OF    BURNING    ON   VEGETATION    IN    KANSAS 

PASTURES l 

By  R.  L.  Hensel  2 
Pasture  Specialist,  Kansas  Agricultural  Experiment  Station 

Burning  pastures  in  the  spring  is  a  common  practice  on  many  Kansas 
farms.  Those  who  practice  burning  contend  that  it  reduces  weeds, 
provides  green  feed  at  an  earlier  date  and  insures  a  better  distribution 
of  stock  and  more  uniform  grazing.  It  is  also  contended  that  no  injury 
to  the  grass  results.  On  the  other  hand,  there  are  those  who  oppose 
burning  on  the  ground  that  it  does  not  cause  growth  to  start  earlier 
and  that  it  injuries  the  pastures  by  encouraging  the  growth  of  weeds 
and  by  decreasing  the  stand  of  desirable  grasses.  They  admit  that 
burned  areas  appear  green  earlier  but  maintain  that  the  difference  is 
apparent  rather  than  real,  for  if  a  close  examination  is  made  it  will  be 
found  that  there  are  as  many  green  plants  on  the  unburned  areas  as  on 
the  burned.  The  accumulated  surface  litter  covers  the  green  plants  in 
the  former  case. 

No  doubt  the  practice  of  grass  burning  is  a  relic  of  Indian  days  when 
it  was  customary  for  the  different  tribes  to  burn  off  certain,  well-chosen 
areas  in  the  spring.  The  main  object  apparently  was  to  obtain  fresh, 
green  feed  early  in  the  year.  Moreover,  the  areas  made  greener  by 
burning  would  more  likely  attract  game  animals  and  hunting  would  be 
made  easier. 

This  practice  was  perhaps  passed  on  to  the  earlier  settlers  and  has 
been  continued  to  the  present  day.  The  objects  now,  however,  are 
different.  Today,  one  of  the  principal  objects  of  burning  pastures  is 
to  provide  inexpensive  forage,  for  live  stock  early  in  the  season,  thereby 
eliminating  the  cost  of  the  more  expensive  feed.  In  addition  to  this, 
there  are  always  areas  in  the  larger  pastures  which  for  various  reasons 
are  not  fully  grazed.  The  grass  in  these  places  grows  rank  and  becomes 
unpalatable.  Burning  destroys  this  dead,  unpalatable  grass  and  per- 
mits the  new  growth  to  be  grazed  to  better  advantage.  No  experi- 
mental evidence  relating  to  the  effect  of  burning  appears  to  be  avail- 
able, although  it  is  clear  that  such  information  is  needed  in  view  of  the 
importance  of  the  question  and  the  controversial  opinions  regarding  it. 

In  order  to  secure  such  information,  the  Kansas  Agricultural  Experi- 
ment Station  began  a  series  of  studies  in  191 8,  which  were  designed  to 
secure  data  on  the  question.  These  experiments  were  conducted  about 
9  miles  north  of  Manhattan  on  a  i,5oo-acre  tract  of  pasture  land.3     The 

1  Accepted  for  publication  Aug.  18,  1922.  Contribution  No.  142  from  the  Department  of  Agronomy, 
Kansas  Agricultural  Experiment  Station. 

J  The  experiments  discussed  in  this  paper  were  inaugurated  in  1918  by  Mr.  R.  K.  Bonnett.  In  1919. 
Mr.  C.  W.  Mullen  had  charge  of  the  work  until  July  15.  Since  that  time  the  work  has  been  in  charge  of 
the  author. 

1  Mr.  Dan  D.  Casement  of  Manhattan  cooperates  with  the  Agricultural  Experiment  Station  in  the  study 
of  certain  pasture  problems  on  this  tract  of  land. 
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land  is  typical  eastern  Kansas  prairie.     Using  Clements'4  classification, 
the  vegetation  belongs  in  the  "True  Prairie"  (Stipa-Koeleria)  association. 

TOPOGRAPHY  AND  SOIL 

The  topography  is  rolling  and  the  land  is  too  hilly  for  cultivation. 
The  soil  ranges  from  a  dark  brown  to  black  loam  with  an  underlying 
subsoil  composed  of  clays  and  shales.  There  are  many  outcroppings 
of  limestone,  and  many  of  the  slopes  and  ridges  are  covered  with  loose 
chert  rock.  The  elevation  varies  from  1,200  to  1,400  feet  above  sea 
level. 

CLIMATIC  CONDITIONS 

The  average,  annual  precipitation  based  on  a  59-year  period  preceding 
19 1 8  is  31.50  inches.  Table  I  shows  the  monthly  precipitation  at  Man- 
hattan for  the  duration  of  these  experiments- — namely,  from  19 18  to 
192 1  inclusive.  It  will  be  noticed  that  the  rainfall  during  each  of  these 
years  was  less  than  the  59-year  average,  indicating  that  conditions,  so 
far  as  rainfall  was  concerned,  were  subnormal  but  probably  insufficient 
to  influence  the  experiments  to  any  marked  degree. 

The  average  date  of  the  last  killing  frost  in  the  spring  at  Manhattan 
is  April  25  and  that  of  the  first  killing  frost  in  the  fall  is  Oc- 
tober 8,  both  based  on  the  59-year  period.  The  average  frost-free  period 
is,  therefore,  166  days.  The  growing  season  for  the  principal  native 
grasses  is  much  longer,  however. 

Table  I. — Precipitation  by  months  at  Manhattan,  Kans.,  from  igiS  to  1921  and  the 

5Q-year  average 


Month. 


Jan 

Feb 

Mar 

Apr 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Total 


1918. 


Inches. 
O.65 

•52 

.76 

4.  60 

5.28 

1.56 
I.98 

3-34 

2-35 
4.87 

i-55 
2.30 


29.  76 


Precipitation. 


1919. 


Inches. 

0.  26 

1.  24 
S-°3 

3-40 

3-15 
4.66 

1.  45 

1-43 

2.65 

.68 

2.  62 
.08 


27.65 


1920. 


Inches. 

o.  13 

•55 

.  20 

4.09 

i-75 
2.  24 

4-83 
6.76 

4-39 
.90 

2.  20 
i-35 


28.39 


1921. 


Inches. 
I.08 

.36. 
.  16 

2-95 
3-32 
6.26 
4.  21 
4-65 

3-  17 
i.3S 

o.  00 

o.  00 


27-54 


1859  to  191 7 
(average) . 


Inches. 
O.81 
I.  26 

1.  46 

2.  56 
4-63 

4-57 
4.67 
3.66 

3-34 
2.  26 

i-37 
.91 


3!-5° 


The  principal  growth  takes  place  from  March  15  to  July  1.  If  rainfall 
is  deficient  in  March,  April,  and  May  a  "backward"  season  results,  but 
this  may  be  made  up  by  heavy  rains  in  July  and  August,  which  will 
start  vigorous  growth,  resulting  in  abundant  late  summer  pasture. 


*  Clements,  Frederic  E.    plant  rNDiCATORS.    xvi,  388  p.,  25  fig.,  92  pL    Washington,  D.  C 
Bibliography,  p.  364-373.    (Carnegie  Inst.  Wash.  Pub.  290). 
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VEGETATIVE  COVER 

The  principal  grasses  are  big  bluestem  (Andropogon  furcatus  Muhl.), 
little  bluestem  (Andropogon  scoparius  Michx.),  side  oats  grams  (Bouteloua 
curtipendula  (Michx.)  Torr.),  and  Kentucky  bluegrass  (Poa  pratensis  L.)- 
Grasses  of  lesser  importance  are  blue  grama  (Bouteloua  gracilis  H.  B.  K.), 
hairy  grama  (Bouteloua  hirsuta  Lag.) ,  sand  drop  seed  (Sprorobolus  cryp- 
tandnis  (Torr.)  Gray),  switch  grass  (Panicum  virgatum  L.) ,  and  Indian 
grass  (S or ghastrum  nutans  (L.)  Nash).  Common  weeds  are  annual  rag- 
weed (Ambrosia  artemisifolia  L.),  perennial  ragweed  (Ammbrosia  psilo- 
stachya  D.  C),  prairie  sage  (Artemesia  gnaphaloides  Nutt.),  prairie  rag- 
wort (Senecio  plattensis  Nutt.),  dwarf  fleabane  (Erigeron  divaricatus 
Michx.),  snow-on- the-mountain  (Euphorbia marginata  Pursh.),  and  others 
of  lesser  importance.  There  is  considerable  wolfberry  (Symphoricarpos 
occidentalis  Hook.)  on  some  of  the  overgrazed  pastures.  Two  sedges, 
Carex  pennsylvanica  Lamarck  and  Carex  meadii  Dewey,  are  common 
over  the  entire  region. 

EXPERIMENTAL  METHODS 

The  experiments  were  planned  to  obtain  data  on  the  following  points : 

1.  The  effect  of  burning  on  the  temperature  of  the  soil  during  the  early 
growing  season  (March  15  to  June  10)  at  depths  of  1  and  3  inches  below 
the  surface. 

2.  The  effect  of  burning  on  grasses. 

3.  The  effect  of  burning  on  weeds. 

4.  The  effect  of  burning  on  the  yield. 

The  experiments  were  conducted  over  an  area  75  by  150  feet  on  a  ridge 
top  with  a  slight  southern  slope.  The  area  was  divided  into  two  sections. 
One  of  these,  called  section  A,  was  burned  as  early  each  year  as  conditions 
would  permit  and  the  other,  section  B,  was  never  burned. 

Section  A  (PI.  1,  A)  was  burned  March  23,  1918,  March  13,  1919,  April 
2,  1920,  and  April  7,  192 1,  the  variations  in  dates  being  due  to  seasonal 
conditions.  The  burning  was  usually  conducted  shortly  after  a  rain  in 
order  to  avoid  possible  injury  to  the  roots  and  also  to  afford  better  con- 
trol of  the  fire. 

The  number  of  plants  of  each  species  of  grasses,  sedges,  and  weeds,  the 
temperature  of  the  soil,  the  time  at  which  growth  began  in  the  spring 
each  year,  and  the  yield  of  forage  was  determined  for  each  area.  The 
yields  were  generally  determined  in  September  of  each  year.  The 
accumulated  growth  was  cut  and  removed  from  the  plots  (PI.  1,  B) 
immediately  after.  It  was  planned  to  leave  as  much  material  as  is  usually 
left  by  livestock  in  order  to  allow  the  plots  to  remain  in  a  condition  com- 
parable to  a  grazed  area,  although  it  might  have  been  better  to  have 
turned  in  a  few  head  of  livestock.  However,  this  would  have  disturbed 
the  permanently  staked  quadrats  and  probably  would  have  interfered 
with  the  main  purpose  of  the  experiments. 

It  was  originally  planned  to  take  soil  samples  on  each  plot  at  regular 
intervals,  but  this  could  not  be  done  because  of  the  rocky  soil  of  the  area. 

DETERMINING  THE  TEMPERATURE 

The  four  instruments  used  for  obtaining  soil  temperatures  were 
Columbia  recording  thermographs  fitted  with  soil  bulbs.  Two  were  on 
the  plot  which  was  burned  each  year;  one  recorded  temperatures  at  1 
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inch  under  the  surface  and  the  other  at  3  inches.  Two  others  on  the 
plot  which  was  never  burned  also  recorded  the  temperature  at  depths 
of  1  and  3  inches.  The  thermographs  were  kept  in  operation  continu- 
ously from  the  time  the  field  work  began  early  in  the  spring  until  the 
latter  part  of  June  or  the  first  of  July. 

QUADRAT  CHARTINGS 

In  order  to  study  the  effect  which  the  different  treatments  had  on  the 
principal  plants,  7  small  quadrats,  each  10  inches  square,  were  laid 
out  in  each  plot.  (PI.  2,  A.)  The  quadrats  were  bounded  by  a  wooden 
frame,  across  which,  in  both  directions,  were  woven  strands  of  ordinary 
fine  twine,  held  in  place  by  small  nails  driven  into  the  frame.  These  were 
placed  at  intervals  of  one-half  inch.  The  twine  divided  each  quadrat  into 
400  squares,  each  one-half  inch  on  a  side.  These  frames  were  perma- 
nently staked  down  so  that  exactly  the  same  area  would  be  charted  each 
time.  Sheets  of  paper  similarly  divided  were  used  for  recording  the 
data,  and  upon  these  the  observer  placed  the  exact  composition  as  he 
found  it  in  each  square  of  the  quadrat.  On  account  of  the  small  size  of 
the  squares,  it  was  not  necessary  to  sketch  the  size  of  each  grass  tuft 
(PI.  2,  B).  Instead,  the  results  were  compiled  by  squares  for  grasses  and 
sedges  and  by  specimens  for  the  weeds.  For  example,  quadrat  A,  1 
might  contain  150  squares  of  big  bluestem,  75  of  little  bluestem,  and  15 
specimens  of  dwarf  fleabane.  The  method  of  using  the  squares  as  the 
basis  of  measurement,  rather  than  the  exact  area  occupied  by  each  plant 
is  not  generally  recommended,  but  in  this  case  it  was  used,  not  only 
because  it  simplified  the  work  but  also  because  of  the  small  size  of  both 
the  individual  grass  plants  and  the  squares  on  the  quadrat  frame.  It 
has  proved  successful  and  has  shown  the  relative  change  from  year  to 
year  in  a  satisfactory  way. 

YIELDS 

In  order  to  arrive  at  the  difference  in  amount  of  forage  actually  pro- 
duced on  the  different  plots,  a  number  of  cuttings  were  made  on  each 
area.  This  was  generally  done  in  September.  An  iron  hoop,  the  rim 
of  which  included  an  area  of  one  ten- thousandth  of  an  acre,  was  used. 
The  hoop  was  permitted  to  fall  more  or  less  at  random  and  the  material 
within  the  borders  cut  1  inch  above  ground  with  a  pair  of  sheep  shears. 
The  material  was  then  dried  and  weighed  and  the  yields  per  acre 
calculated. 

EXPERIMENTAL  RESULTS 

THE   EFFECT  OF   BURNING  ON   GRASSES 

Quadrats  on  both  the  early-burned  area  and  the  unburned  area  were 
charted  three  times  each  season.  From  this  data  the  number  of  squares 
which  contained  grasses,  sedges,  and  weeds  was  compiled.  A  summary 
of  the  data  on  grasses  and  sedges  is  given  in  Table  II.  The  dates  of 
burning  were  March  23,  1918,  March  13,  1919,  April  2,  1920,  and  April  7, 
1921. 
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Table  II. — Number  of  squares  on  all  quadrats  containing  grasses  and  sedges  (iqi8  to 

1921) 


Date  of  charting. 


First: 

Apr.  9,  1918. . 

Apr.  17,  1919. 

May  5,  1920. . 

May  3,  192 1. . 
Average. .. . 
Second : 

Apr.  30,  1918. 

May  9,  1919. . 

May  22,  1920. 

May  27,  1921. 
Average. .. . 
Third: 

June  3,  1918. 

May  31,  1919. 

June  20,  1920 

July  1,  192 1. . 
Average .  . . 


Burned  area. 


Grasses. 


Squares. 

234 
308 
621 
665 

457 

437 
746 
761 

7i4 
665 

538 
758 
702 
652 
662 


Sedges.    Both 


Squares. 

87 
114 

39 
40 

70 

120 

213 

45 

5i 

107 

145 
172 

i°5 
"5 
134 


Squares. 
321 
422 
660 
7°5 
527 

557 
959 
806 

765 
772 

683 

93° 
807 
767 
796 


Unburned  area. 


Grasses. 


Squares. 
21 
163 
492 
548 
306 

131 
572 
697 
560 
490 

486 
601 
660 

524 
568 


Sedges. 


Squares. 
34 
75 
25 
64 

49 

66 

86 

116 

93 
90 

73 
118 

149 
145 
121 


Both. 


Squares. 

55 
238 

'  5i7 
612 

355 

197 
658 
813 
653 

580 

559 
719 
809 
669 
689 


The  most  striking  and  perhaps  the  most  significant  differences  appear 
in  the  first  charting.  It  will  be  noticed  that  there  is  almost  a  month's 
difference  between  the  earliest  first  charting  date  and  the  latest  first 
charting. 

In  every  season  there  was  a  much  larger  number  of  squares  contain- 
ing grasses  on  the  burned  than  on  the  unburned  areas.  In  19 18  there 
were  ten  times  as  many  squares  containing  grasses  on  the  burned  area 
as  on  the  unburned;  in  1919,  the  difference  was  88  per  cent;  in  1920, 
26  per  cent;  and  in  192 1,  21  per  cent.  The  decrease  in  the  difference 
is  no  doubt  due  in  part  at  least  to  the  later  charting  dates  in  19 19,  1920, 
and  1 92 1.  Therefore  the  essential  and  important  conclusion  is  that  in 
each  year  there  were  more  grasses  on  the  burned  area.  This  substantiates 
the  opinion  of  those  advocates  of  burning  who  claim  that  it  makes 
green  feed  available  at  an  earlier  date. 

Burning  seems  to  have  decreased  the  number  of  sedges  while  no  con- 
sistent change  in  this  respect  can  be  observed  on  the  unburned  areas. 
Just  why  burning  injured  the  sedges  more  than  the  grasses  is  not  clear. 

The  second  charting  of  each  year  showed  a  marked  increase  in  the 
number  of  specimens  as  compared  with  the  first  charting.  This  is  to 
be  expected  and  is  due  to  the  additional  growth  which  takes  place  as 
the  season  advances.  The  paramount  factor,  however,  is  the  greater 
number  of  grasses  for  the  burned  area  compared  with  the  unburned. 
The  increase  of  grass  on  the  burned  area  was  233  per  cent  in  1918,  30 
per  cent  in  19 19,  9  per  cent  in  1920,  and  30  per  cent  in  1921.  The 
large  difference  in  19 18  is  due  to  the  early  charting  date  and  substantiates 
the  conclusion  that  growth  began  much  earlier  on  the  burned  plot. 

The  number  of  sedges  appears  to  have  been  decidedly  increased  by 
burning  for  two  years  while  in  the  two  other  years  a  decrease  was  re- 
corded. 
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When  the  third  chartings  were  made  most  of  the  vegetative  growth 
for  the  season  had  taken  place.  Nevertheless,  it  will  be  seen  that  in 
each  year  there  were  more  squares  containing  grasses  on  the  burned  than 
on  the  unburned  areas.  The  variation  from  year  to  year  is  no  more 
than  would  normally  be  expected,  since  it  is  a  well  known  fact  that  the 
amount  of  vegetation  produced  in  any  area  may  vary  from  10  to  40 
per  cent.  The  variations  shown  in  these  tables  are  probably  due,  there- 
fore, to  seasonal  conditions  rather  than  to  treatment. 

Burning  seems  to  have  resulted  in  a  decrease  in  the  number  of  sedges, 
as  they  are  decidedly  fewer  in  the  last  two  years  of  the  experiment 
than  in  the  first  and  second  years.  The  number  has  increased  somewhat 
on  the  unburned  section.  Since  the  number  to  begin  with  was  less 
on  the  unburned  areas,  the  effect  of  burning  on  these  plants  is  not  entirely 
clear.  In  this  pasture,  sedges  are  not  common  enough  to  be  an  important 
factor  and  hence  no  great  importance  can  be  attached  to  the  changes 
so  far  recorded. 

In  order  to  give  an  idea  of  the  changes  in  composition  that  are  taking 
place  on  the  two  plots,  Table  III,  which  shows  the  species  of  grasses 
and  sedges  and  their  abundance  in  191 8  and  in  192 1,  has  been  prepared. 

Table  III. — Average  composition  of  all  quadrats  on  burned  and  unburned  areas  in  1018 

and  in  IQ21  {third  charting) 


Species. 


Big  bluestem 

Little  bluestem 

Side  oats  grama 
Kentucky  bluegrass 

Others1 

Sedges  2 

Total  grasses 


Burned  area. 


June  3. 

191S. 


Squares. 

I°5 

265 

88 

15 

5 

145 

538 


July  1, 
1921. 


Squares. 

138 

394 

12 

42 

66 

"5 
652 


Unburned  area. 


June  3, 
1918. 


Squares. 

133 

308 

40 

o 

5 

73 

486 


July  1, 
1921. 


Squares. 
232 
122 
II 

135 

24 

145 
524 


1  Principally  Sporobolus  heterolepsis  Gray. 

'  Principally  Carex  pennsylvanica  Lam.  and  Carex  meadii  Dewey. 

The  most  marked  effect  of  burning  has  been  to  decrease  the  amount 
of  big  bluestem  and  increase  the  amount  of  little  bluestem.  The  decrease 
in  big  bluestem  is  especially  noteworthy  in  view  of  its  tendency  to  in- 
crease on  the  unburned  plot.  This  change  is  very  noticeable,  when  the 
plots  are  examined.  There  has  been  an  increase  of  48  per  cent  in  little 
bluestem  on  the  burned  plot  and  a  decrease  of  60  per  cent  on  the  un- 
burned plot.  Side  oats  grama  decreased  in  both  cases  but  the  decrease 
is  much  greater  on  the  unburned  plots.  No  Kentucky  bluegrass  was 
recorded  on  the  unburned  plots  in  1918  but  in  192 1  there  were  135 
squares  containing  this  grass.  On  the  burned  plot  there  were  15  squares 
in  1918,  but  only  42  in  1921,  a  very  small  increase  as  compared  with  the 
unburned  plots.  Chief  among  the  grasses  listed  as  "others"  is  Sporo- 
bolus heterolepis.  The  amount  of  this  grass  present  in  the  burned  area 
is  quite  noticeable  and  it  appears  to  be  increasing. 

It  is  probable  that  those  grasses  which  start  earliest  in  the  spring 
are  injured  most.     The  injury  by  burning  no  doubt  kills  some  plants  and 
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weakens  others  so  that  adverse  conditions  later  in  the  season  may  cause 
their  death. 

It  would  seem  from  the  above  that  the  effects  of  burning  will  depend 
somewhat  upon  the  composition  of  the  pasture.  A  big  bluestem  pasture, 
or  a  Kentucky  bluegrass  pasture,  would  apparently  be  injured  unless 
these  grasses  are  replaced  by  equally  or  more  desirable  grasses.  In 
many  cases  this,  no  doubt,  is  what  would  happen.  There  are  undoubtedly 
other  instances  where  they  would  be  replaced  by  much  less  desirable 
species,  in  which  instance  burning  would  result  in  injury. 


EFFECT  OF  BURNING  ON  WEEDS 

The  number  and  kind  of  weeds  present  was  also  recorded  at  each 
charting.  This  compilation,  however,  was  by  specimens  and  not  by 
squares,  as  was  done  with  grasses.  The  principal  object  was  to  deter- 
mine whether  burning  retards  or  increases  the  spread  of  weeds.  If  there 
is  a  steady  increase,  it  can  be  assumed  that  retrogression  is  taking  place, 
while  if  no  increases  occur  it  may  be  assumed  that  the  grasses  are  hold- 
ing their  own.  It  should  be  noted  that  there  is  always  a  considerable 
variation  in  the  number  of  weeds  present  on  any  given  area  from  year 
to  year.  Weeds  react  very  quickly  to  favorable  or  unfavorable  growing 
conditions  and  this  should  be  kept  in  mind  when  analyzing  the  data. 

The  principal  weeds  found  in  the  order  of  their  importance  are  prairie 
sage  (Artemesia  gnaphaloides  Nutt.),  dwarf  horseweed  (Erigeron  divari- 
catus  Michx.),  annual  ragweed  {Ambrosia  artemisiifolia  L.),  whorled 
milkweed  (Ascelepias  verticellata  L.),  perennial  ragweed  (Ambrosia 
psilostachya  D.  C),  daisy  fleabane  (Erigeron  ramosus  Watt.),  and  prairie 
cat's  foot  (Antennaria  campestris  Rydberg). 

Table  IV  shows  the  total  number  of  weeds  of  all  kinds  present  in  all 
of  the  quadrats  on  the  unburned  and  burned  areas  for  each  year. 

Table  IV. — Number  of  weed  specimens  present  on  the  burned  and  unburned  areas  from 

IQl8  to  IQ2I 


First  charting. 

Second  charting. 

Third  charting. 

Date. 

Burned. 

Un- 
burned. 

Date. 

Burned. 

Un- 
burned. 

Date. 

Burned. 

Un- 
burned. 

Apr.     9, 1918 
Apr.   17,1919 
May     s,  1920 
May     3, 1921 

None. 

55 
45 
31 

None. 
23 

38 
48 

Apr.  30, 1918 
May     9, 1919 
May    22, 1920 
May   27,1921 

None. 
8s 
47 
41 

None. 

S3 
60 
61 

June     3,1918 
May   31, 1919 
June  20, 1920 
July      1,1921 

S 
So 

37 
29 

1 
92 
41 
56 

When  the  first  and  second  chartings  were  made  in  19 18  no  weeds 
were  found  on  either  the  burned  or  unburned  areas.  The  third  charting 
showed  five  specimens  on  the  burned  area  and  one  on  the  unburned. 
These  numbers  are  so  small  that  but  little  importance  can  be  attached 
to  them  except  to  say  that  the  plots  were  almost  free  of  weeds. 

In  19 19,  there  was  a  decided  increase  in  the  number  of  weeds.  When 
the  first  charting  was  made,  there  were  55  specimens  of  weeds  on  the 
burned  and  23  specimens  on  the  unburned  area.  On  the  second  date, 
there  were  85  and  53  specimens,  respectively,  and  on  the  third  date  80 
and  92,  respectively. 
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The  larger  number  of  weeds  on  the  unburned  area  in  the  third  period 
may  have  been  due  to  the  later  start  of  the  vegetation  on  these  plots. 
It  may  be  concluded  from  these  data  that  the  treatment  of  the  plots 
had  nothing  to  do  with  the  increase  over  191 8.  If  the  burning  was 
responsible  for  these  changes,  there  would  have  been  a  greater  difference 
in  the  number  of  weeds  on  the  burned  and  unburned  areas. 

In  1920,  weeds  were  generally  less  abundant  than  in  the  preceding 
year  and  there  were  no  consistent  differences  due  to  the  treatment  of 
the  plots.  The  192 1  burning  reduced  the  number  of  weeds  somewhat, 
the  differences  in  each  case  apparently  being  significant. 

The  data  seem  to  show  beyond  doubt  that  burning  does  not  favor 
the  growth  of  weeds  but  that  on  the  contrary  there  is  a  tendency  towards 
a  decrease  in  their  number  on  the  burned  plots  as  compared  with  the 
unburned  plots. 

THE  EFFECT  OF -BURNING   ON   SOU,  TEMPERATURES 

The  principal  object  of  recording  the  soil  temperature  was  to  determine 
if  burning  resulted  in  a  warmer  soil  early  in  the  spring,  and  if  so,  whether 
this  difference  could  be  correlated  with  the  growth  of  vegetation.  The 
thermograph  bulbs  were  placed  at  depths  of  one  and  three  inches  respec- 
tively, because  the  majority  of  roots  are  found  at  about  the  latter  depth 
and  because  germinating  seed  is  ordinarily  found  at  a  depth  of  one 
inch  or  less. 

The  thermographs  were  usually  started  immediately  after  burning 
and  they  were  all  kept  running  until  June  10.  In  192 1,  they  were 
started  before  burning  in  order  to  see  if  the  heat  generated  by  the  burning 
vegetation  penetrated  the  soil.  The  records  show  that  no  rise  in  tem- 
peratures took  place  in  either  the  one-inch  or  three-inch  bulbs,  indicating 
that  the  heat  of  combustion  is  confined  entirely  to  the  immediate  ground 
surface.  It  seems,  therefore,  that  unless  there  is  considerable  accumula- 
tion of  vegetation  the  fire  does  not  heat  the  soil  sufficiently  to  cause 
material  damage.  Usually  most  plants  are  merely  scorched  and  it  is 
probable  that  weeds  and  grass  seeds  which  are  lightly  covered  escape 
injury  entirely.  Moreover  if  the  burning  is  done  soon  after  a  rain,  as 
was  done  in  these  experiments,  the  moisture  in  the  ground  will  aid  in 
protecting  the  seeds.  I 

The  maximum  and  minimum  temperatures  were  assumed  to  be  the 
most  significant  temperatures  in  relation  to  vegetation  and  are  the  only 
ones  considered  in  this  paper.  The  mean  maximum  and  mean  minimum 
for  each  year  are  presented  in  Table  V  which  follows.  Figures  5,  6,  7 
and  8  have  been  prepared  to  show  the  change  in  temperature  with  the 
advance  of  the*^ season"  for'each  year. 

Table  V. — Mean  maximum  and  minimum  temperatures  at  a  depth  of  one  inch  on  burned 

and  unburned  plots  \IQ18  to  lQ2l) 


Year. 


1918. ..  . 

^9 

1920. . .  . 
1921. ..  . 
Average 


Mean  maximum  temperatures. 


Mean  minimum  temperatures. 


Burned. 

Unburned. 

Difference. 

Burned. 

Unburned. 

Difference. 

81.7 

67.  2 

+  14-5 

50.2 

50.O 

-0.4 

71.  6 

67.  I 

+  4-5 

54-7 

Si- 9 

+  2.8 

88.9 

7°-3 

+  18.6 

60.  7 

53-3 

+  7-4 

77.0 

66.4 

+  10.6 

49.6 

42.8 

+6.8 

79.8 

67.  7 

+  12.  i 

53-8 

49-  7 

+4-i 
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Table  VI. — Mean  maximum  and  minimum  temperatures  at  a  depth  of  three  inches  on 

burned  and  unburned  plots  (iQl8  to  1921) 


Year. 


1918 

1919. ... 
1920. ..  . 
192 1.  ..  . 
Average 


Mean  maximum  temperatures. 


Burned.      Unburned.    Difference 


69.9 
65.8 
72.  6 
66.6 
68.7 


61.  o 

62.  1 
72.8 
64.8 
65.1 


+8.9 

+3-7 
— .  2 

+  1.8 

+3-6 


Mean  minimum  temperatures. 


Burned. 


53-4 

54-7 
61.8 

52- 1 

55-5 


Unburned. 


5°-4 
5i- 9 
55-5 
47-3 
5i-3 


Difference. 


+3-0 
+2.8 

+6.3 
+4-8 
+4.  2 


In  every  year,  as  shown  in  Table  V,  the  mean  maximum  temperature 
of  the  soil  at  a  depth  of  one  inch,  averaged  materially  higher  on  the 
burned  plot.  This  difference  ranged  from  4-5°F.  in  1919,  to  18. 6°  in  1920. 
The  average  difference  was  12.1°.  A  higher  mean  minimum  temperature 
was  also  recorded  for  the  burned  plots  except  in  19 18,  when  the  difference 
was  negligible.     The  average  difference  it  will  be  noted  is  4. 1  °. 

Similar,  although  less  marked  differences  were  recorded  at  a  depth  of 
three  inches  (Table  VI),  where  the  average  difference  in  the  mean  maxi- 
mum temperature  was  3.6°F.  and  in  the  mean  minimum  temperature  4.2 °. 
These  results  show  beyond  a  reasonable  doubt  that  the  soil  on  the  burned 
plots  absorbed  more  heat,  which  no  doubt  explains  the  earlier  growth  of 
vegetation  previously  pointed  out. 

As  shown  in  figures  1,  2,  3,  and  4,  the  burned  plots  were  consistently 
warmer  throughout  the  season  than  the  unburned  plots,  as  measured  by 
the  weekly  mean  maximum  temperatures  at  a  depth  of  one  inch,  with  a 
few  exceptions.  The  mean  minimum  temperatures  were  also  in  favor 
of  the  burned  plots.  It  appears  that  the  differences  in  early  growth  of 
vegetation  may  easily  be  accounted  for  by  these  differences  in  tem- 
perature. 0\  '■;.,,■; 

EFFECT  OF   BURNING  ON  THE   YIEL,Dj[ofJhAY 

The  yield  of  hay  was  usually  determined  about  September  10,  each 
year,  by  harvesting  several  areas,  usually  ten  in  number.  These  areas, 
each  one-ten-thousandth  of  an  acre,  were  selected  by  means  of  the  iron 
hoop  previously  mentioned.  S^iV-; 

The  results  expressed  in  pounds  of  dry  matter  per  acre  are  shown  for 
each  year  in  Table  IX. 

Table  IX. — Showing  the  yields  of  cured  hay  on  burned  and  unburned  plots  (1918  to  1921) 


Year. 


1918.  .  . 

1919.  .. 

1920.  .  . 

1921 .  .  . 

Average 


Pounds  per  acre. 


Burned. 


3.075 
3.  500 
i,730 
3.156 
2,865 


Unburned. 


4,623 

3,633 
1,774 
2,973 
3,25i 


Difference 

(in  favor  of 

burned). 


1.548 

-44 
+  183 
-386 
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The  large  difference  in  the  yield  between  the  burned  and  unburned 
areas  in  1918  is  difficult  to  explain,  since  the  quadrat  chartings  up  until 
June  3  indicated  considerably  more  shoots  on^the  burned  areas  than  on 
the  unburned.  This  apparently  should  mean  higher  yields.  It  seems 
probable|that  in  obtaining  the  cuttings  a  portion  of  the  dried  material 
remaining  from  191 7  was  included. 

There  was  a  slight  difference  in  yield  H1J1919  and  in  1920,  in  favor  of 
thejmburned  plots,  but  it  is  too  small  to  be  considered  of  much  impor' 
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Fig.  1. — Graph  showing  weekly  mean  maximum  and  minimum  temperatures  in  1918  at  a  depth  of  1  inch 

under  the  surface  on  burned  and  unburned  plots. 


tance.  Conditions  were  unfavorable  in  1920,  and  the  grasses  showed  a 
poor  growth. 

In  1 92 1  the  burned  area  produced  the  higher  yield,  the  difference 
being  183  pounds  per  acre.  Conditions  were  subnormal  in  the  early 
season.  There  was  not  much  rainfall  early  in  the  spring  and  cold  weather 
persisted  until  June.  Later  on,  however,  good  rains  fell  and  grass 
showed  excellent  growth.  The  average  difference  of  386  pounds  per 
acre  in  favor  of  the  unburned  is  largely  due  to  the  191 8  results.  Con- 
sidering the  data  for  1919,  1920,  and  192 1  only,  it  will  be  seen  that  the 
amounts  of  hay  produced  on  the  two  areas  are  practically  equal. 

The  general  opinion  among  those  who  are  opposed  to  burning  is  that 
much  more  forage  is  produced  on  areas  not  burned.  It  is  believed  that 
this  conclusion  is  erroneous,  since  the  experiments  here  reported  have 
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failed  to  show,  so  far,  that  much  higher  yields  are  actually  produced  on 
unburned  areas.  Considering  the  small  difference  in  yield  and  the  marked 
difference  in  the  number  of  desirable  grasses  in  favor  of  the  burned  plot, 
it  can  not  be  concluded  that  burning  has  caused  any  injury  to  the  pasture. 
The  last  word  regarding  burning  has  yet  to  be  written.  The  results 
secured,  as  these  experiments  show,  will  likely  depend  not  only  on  seasonal 
conditions  but  also  upon  the  kind  of  grasses  and  other  vegetation  present, 
and  more  extensive  experiments  with  a  wide  variety  of  conditions  will 
be  necessary  to  determine  just  what  may  in  general  be  expected  of 
burning. 
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Fig.  3. — Graph  showing  weekly  mean  maximum  and  minimum  temperatures  in  1919  at  a  depth  of  1  inch 

under  the  surface  on  burned  and  unburned  plots. 


SUMMARY 

(1)  The  data  presented  in  this  paper  have  been  obtained  in  connection 
with  pasture  investigations  conducted  by  the'  Kansas  Agricultural 
Experiment  Station.  The  experiments  discussed  were  designed  to 
study  the  effect  of  burning  on  the  vegetation  in  pastures. 

(2)  Areas  were  burned  early  each  year  for  comparison  with  similar 
areas  not  burned.  A  number  of  small  quadrats  in  each  area  were  charted 
three  times  between  the  time  of  burning  and  July  i  each  year.  The 
results  show  that  in  the  early  part  of  the  season  there  was  considerably 
more  growth  of  grasses  on  burned  areas  than  on  those  unburned,  thereby 
substantiating  the  popular  opinion  that  burning  causes  growth  to  start 
earlier  in  the  spring.  In  the  second  charting  there  was  always  more 
vegetation  on  the  burned  areas  but  the  difference  was  not  so  great  as 
in  the  first  charting.  The  third  charting  was  done  when  the  greater 
part  of  the  season's  growth  had  been  made.  The  differences  found  in 
the  third  charting  were  slight,  showing  that  as  the  season  advanced  the 
vegetation  on  the  unburned  sections  tended  to  catch  up  with  that  on  the 
burned  areas. 
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(3)  Burning  did  not  decrease  the  total  number  of  grass  plants,  as  is 
generally  thought  to  be  the  case.  The  data  show  that  at  the  end  of 
four  years  there  were  21  per  cent  more  squares  containing  grass  plants 
on  the  burned  area  than  there  were  when  the  experiment  started.  On 
the  other  hand,  the  increase  in  the  unburned  plot  was  only  7  per  cent. 
These  data,  while  not  final,  indicate  that  the  evil  effects  of  burning,  if 
any,  are  not  always  apparent  in  the  first  four  years. 

(4)  There  was  a  decrease  during  the 
four  years  in  the  number  of  sedges 
on  the  burned  area,  while  on  the  un- 
burned plot  a  tendency  to  increase  was 
observed. 

(5)  Burning  caused  a  change  in  the 
composition  of  the  grass  type  on 
the  experimental  area.  Big  bluestem 
(Andropogon  furcatus)  decreased  on  the 
burned  plot,  while  on  the  unburned 
plot  it  showed  a  decided  increase.  On 
the  other  hand,  burning  increased  the 
number  of  plants  of  little  bluestem 
{Andropogon  scoparius),  although  the 
number  decreased  on  the  unburned 
plot.  Kentucky  bluegrass  increased 
much  more  rapidly  on  the  unburned 
area.  Bluegrass  starts  very  early  in 
the  spring,  and  it  appears  that  it  may 
have  been  more  easily  injured  than 
other  grasses  which  start  late.  Many 
plants  were  green  when  the  burning 
was  done.  Side  oats  grama  decreased 
on  both  burned  and  unburned  plots. 

(6)  In  19 1 8,  when  the  experiments 
were  started,  both  areas  were  prac- 
tically free  of  weeds.  In  19 19  a  great 
many  were  found  on  both  burned  and 

Fig.      -Graph  showing  weekly  mean  maxi-    unburned    plots.        From    this    date     On 
mum  and  minimum  temperatures  in  1930  at  ,  <  • 

a  depth  of  1  inch  under  the  surface  on  burned  there  was  a  decrease  each  year  m  the 
and  unburned  plots.  number  of  weeds  on  the  burned  plot, 

while  on  the  unburned  one  their  number  increased. 

(7)  Mean  maximum  soil  temperatures  at  a  depth  of  i  inch  averaged 
12.10  F.  higher  on  the  burned  plot.  The  mean  minimum  temperatures 
were  also  higher  by  4.10  on  the  burned  plot.  Similarly,  at  a  depth  of  3 
inches  mean  maximum  and  minimum  temperatures  were  3. 6°  and  4.20 
higher,  respectively,  on  the  burned  plot.  These  data1:  may  explain  why 
growth  starts  earlier;  when  the  old  vegetationr  has;  been  removed  by 
burning. 

(8)  The  vegetation  from  each  plot  was  cut  about  September  10  each 
year.  The  average  yield  was  slightly  greater  on  the  unburned  area. 
The  difference,  however,  was  slight,  except  during  one  season,'  and  in 
another  season  it  was  in  favor  of  the  burned  plot. 

(9)  The  conclusion  is  that  studies  so  far  conducted  have  failed  to  show 
that  burning  is  injurious.  More  extensive  experiments  with  different  types 
of  vegetation  and  for  a  longer  period  of  time  must  be  conducted  before 
final  conclusions  regarding  th«  effects  of  burning  can  be  arrived  at. 
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Fig.  4. — Graph  showing  weekly  mean  maximum  and  minimum  temperatures 
in  192 1  at  a  depth  of  iinch  under  the  surface  on  burned  and  unburned  plots. 


Platb  i 

A. — General  view  of  the  plot  which  was  burned  each  year.  The  plot  in  the  fore- 
ground is  the  one  which  was  never  burned.  The  illustration  shows  how  close  this 
latter  area  was  cut  to  imitate  grazing. 

B. — Showing  the  vegetation  on  the  unburned  plot  after  cutting  to  imitate  grazing. 

The  portion  on  the  right  shows  the  original  stand  before  the  cutting  was  done. 
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Plate  2 

A. — One  of  the  10  by  10  inch  quadrats  permanently  staked  and  ready  for  the  season's 
work.  The  interstices  are  one-half  inch  square.  The  area  upon  which  this  quadrat 
is  located  had  just  been  burned  when  this  photograph  was  taken. 

B. — A  view  of  the  same  quadrat  as  is  shown  in  A,  taken  a  few  weeks  after  burning. 
Note  the  clean,  vigorous  growth  and  the  absence  of  last  vear's  litter. 


CONTROL  OF  LETTUCE  DROP  BY  THE  USE  OF 

FORMALDEHYDE ' 

By  Webster  S.  Krout  '* 
Assistant  Research  Professor  of  Botany,  Massachusetts  Agricultural  Experiment  Station 

INTRODUCTION 

The  growing  of  head  lettuce  under  glass  has  been  developed  to  a  very 
high  degree  in  the  Boston  market  garden  district  and  other  parts  of 
Massachusetts.  It  is  usually  the  main  greenhouse  crop,  and  not  uncom- 
monly the  market  gardener  grows  4  to  6  acres  under  glass.  In  many  of 
these  houses  the  soil  has  not  been  changed  for  20  years  or  more.  As  a 
result  it  has  become  so  thoroughly  infested  with  Sclerotinia  libertiana 
Fckl.,  the  fungus  which  causes  drop,  that  the  loss  to  the  crop  is  some- 
times enormous. 

Investigations  on  this  disease  were  begun  by  Stone  and  Smith  {7,  p.  3)  3 
of  the  Massachusetts  Agricultural  Experiment  Station  as  long  ago  as 
1895.  In  the  course  of  their  work  they  devised  a  method  of  soil  steriliza- 
tion by  the  use  of  steam,  and  since  1900  this  has  been  in  more  or  less  general 
use  for  the  control  of  drop.  The  method  has  some  serious  disadvan- 
tages, however,  which  led  in  19 14  to  the  reopening  of  the  investigation  by 
the  department  of  botany  of  the  same  station. 

REVIEW  OF  LITERATURE 

There  are  few  experimental  data  available  dealing  specifically  with  the 
control  of  5.  libertiana  by  the  use  of  formaldehyde.  Smith  (5)  states  that 
the  mycelium  of  S.  libertiana,  growing  on  pieces  of  lemon  crates,  was 
killed  by  immersing  it  for  1,  5,  and  10  minute  periods  in  a  5  per  cent 
formaldehyde  solution.  Treating  the  same  fungus  with  formaldehyde 
as  it  occurs  naturally  in  lettuce  beds,  Stevens  (6)  and  Reddick  (8,  p.  206) 
report  negative  results,  whereas  Clinton's  (4)  results  were  of  a  positive 
nature.  Since  the  completion  of  this  work  Beach  (2)  reports  slight  gains 
with  the  use  of  formaldehyde  on  out-of-doors  lettuce  beds.  Also,  New 
Jersey  Agriculture  (7)  reports  similar  results  with  the  use  of  formalde- 
hyde on  out-of-doors  seed  beds. 

Although  the  literature  contains  conflicting  reports  on  the  efficacy  of 
formaldehyde  used  as  a  soil  disinfectant,  our  own  preliminary  tests  indi- 
cated that  the  material  might  have  considerable  value  in  the  control  of 
lettuce  drop.  Consequently  the  work  was  concentrated  on  the  use  of 
formaldehyde  in  this  connection,  and  extensive  laboratory  and  green- 
house tests  have  been  made.  The  work  has  included  treatment  of  large 
commercial  greenhouses  on  a  practical  basis. 


1  Accepted  for  publication  Jan.  16,  1922.    Published  with  the  approval  of  the  director,  Massachusetts 
Agricultural  Experiment  Station. 

1  The  writer  is  greatly  indebted  to  Prof.  A.  Vincent  Osmun,  head  of  the  Department  of  Botany  of  this 
Station  for  his  many  helpful  suggestions  during  the  progres  of  this  study. 

3  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  p.  654. 
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LABORATORY  TESTS  OF  THE  EFFECT  OF  FORMALDEHYDE  ON  SCLE- 

ROTIA  AND  MYCELIUM 

TREATMENT  OF   SCLEROTIA 

Some  very  interesting  data  were  obtained  by  treating  sclerotia  of 
S.  libertiana  in  vitro  for  different  periods  of  time  with  different  concen- 
trations of  formaldehyde.  Films  of  air  covered  portions  of  the  surface 
of  the  sclerotia  when  first  placed  in  the  solution.  This  difficulty  was 
overcome  by  vigorous  agitation  in  distilled  water  for  one-half  hour  im- 
mediately preceding  treatment.  Sclerotia  specified  as  small  were  1  mm. 
or  less  in  diameter;  those  designated  as  large  were  over  1  mm.  in  diameter. 


1-50  1-100 

STRENGTH  OF  FORMALDEHYDE  SOLUTIONS 

Fig.  1. — Graph  made  from  Table  I,  showing  the  maximum  and  minimum  time  required  in  minutes  to 
kill  large  and  small  sclerotia  in  1-50, 1-100,  and  1-200  formaldehyde  solutions.  Curve  A  shows  the  maxi- 
mum time  required  to  kill  large  sclerotia  with  these  solutions;  curve  C  shows  the  minimum  time  re- 
quired to  kill  sclerotia;  and  curve  B  is  an  average  of  the  total  treatments  made  on  large  sclerotia.  Curve 
D  represents  the  maximum  time  required  to  kill  small  sclerotia  with  these  solutions;  curve  F  shows  the 
minimum  time  required;  and  curve  E  is  an  average  of  the  results  obtained  with  small  sclerotia. 

Sclerotia  (Tables  I  and  III)  were  taken  from  diseased  lettuce  plants 
after  they  had  "dropped"  in  the  bed.  The  sclerotia  were  grouped  into 
lots  of  nine  each  according  to  size  .  After  shaking  in  distilled  water  they 
were  transferred  to  400-cc.  air-tight  glass  jars  containing  formaldehyde 
solutions  of  the  desired  strengths,4  allowed  to  remain  for  different  periods, 
after  which  they  were  removed  under  aseptic  conditions  and  thoroughly 
washed  three  times  in  sterile  distilled  water.  From  this  they  were  trans- 
ferred to  nutrient  agar  plates  and  the  results  of  growth  recorded  (Tables  I 
and  III).     Under  these  conditions,  in  a  1-50  solution  the  maximum  time 

4  1-50, 1-100,  and  1-200  formaldehyde  solutions  were  made  by  using  one  part  of  37.3  per  cent  formaldehyde 
to  49,  99,  and  199  parts,  respectively,  of  distilled  water. 
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required  to  kill  small  sclerotia  was  15  minutes  (Table  I,  treatments  1 
and  3),  while  all  large,  sclerotia  were  killed  in  20  minutes  (Table  I,  treat- 
ments 2  and  4).  In  a  1-100  solution  the  maximum  time  required  to  kill 
small  sclerotia  was  15  minutes  (Table  III;  treatments  1,  3,  and  8), 
whereas  all  large  sclerotia  were  killed  in  30  minutes  (Table  III,  treatments 
2,  4,  7,  and  9).  In  a  1-200  solution  the  maximum  time  required  to  kill 
small  sclerotia  was  75  minutes  (Table  I,  treatment  5),  while  all  large 
sclerotia  were  killed  in  90  minutes  (Table  I,  treatments  6  and  7).  In 
each  concentration  the  small  sclerotia  were  killed  in  less  time  than  the 
large.  Also,  results  show  (fig.  1)  that  the  longest  time  required  to  kill 
sclerotia  of  any  size  is  inversely  proportional  to  the  strength  of  the  solu- 
tion. Furthermore,  it  should  be  noted  (fig.  1)  that  a  1-100  formaldehyde 
solution  is  almost  as  effective  as  a  1-50  solution  but  that  a  1-200  solution 
is  much  less  effective  than  the  stronger  solutions. 

Sclerotia  of  lots  1,  2,  3,  4,  and  7  (Table  I)  were  taken  from  plants  that 
showed  drop  symptoms  10  days  before  the  sclerotia  were  removed;  lots 
5  and  6  were  taken  1 2  days  after  the  first  symptoms  of  drop  were  noticed 
on  the  plants. 

TablB  I. — Effect  of  formaldehyde  on  sclerotia 
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TREATMENT  OF  MYCELIUM 

The  white  aerial  mycelium  of  pure  cultures  or  of  diseased  lettuce 
plants  was  thoroughly  moistened  by  transferring  for  a  few  minutes  to 
sterile  distilled  water.  It  was  then  removed  and  treated  with  the 
desired  strength  of  formaldehyde  solution  for  different  periods  of  time. 
At  the  end  of  the  exposure  the  mycelium  was  removed  aseptically, 
washed  in  sterile  distilled  water,  and  transferred  to  nutrient  agar  plates. 
The  results  are  recorded  in  Table  II. 

Mycelium  from  pure  culture  was  killed  in  5  to  10  minutes  in  a  1-50 
or  a  1-100  formaldehyde  solution,  and  in  15  to  20  minutes  in  a  1-  200 
solution.  Mycelium  from  diseased  lettuce  plants  was  killed  in  10  to  15 
minutes  in  a  1-50  or  a  1-100  formaldehyde  solution  (Table  II).  The 
mycelium  of  pure  cultures  was  killed  in  less  time  than  mycelium  from 
diseased  lettuce  plants. 

The  curve  of  figure  2  shows  that  the  1-50  and  the  1-100  formaldehyde 
solutions  are  equally  efficient  in  killing  the  mycelium  of  5.  libertiana 
and  that  the  1-200  solution  is  decidedly  less  effective  than  the  other  two. 
It  is  interesting  to  note  that  this  held  true  in  most  cases  throughout 
these  experiments. 
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Table  II. — Effect  of  formaldehyde  on  mycelium1 


Num- 
ber 

viable 
in  con- 
trol, un- 
treated. 

Number  viable  after  treatment. 

Treatment. 
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9 
9 
9 
9 
9 
9 
9 
9 

9 

8 

8 

1 
0 
8 

9 
4 
9 
9 

7 
4 

2 

O 
0 

5 
0 

0 

9 
9 

O 
0 
O 
O 
0 
0 
4 
7 

O 
O 
0 
0 
0 
0 
0 
0 

O 
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O 

1  The  mycelium  of  treatments  1  and  4  was  taken  from  diseased  lettuce  plants;  all  others  from  the  surface 
of  8-day-old  agar  cultures.     Nine  lots  of  mycelium  used  in  each  case. 


1-SO  1-100 

STRENGTH  OF  FORMALDEHYDE  SOLUTIONS 


Fig.  2. — Graph  showing  the  maximum  time  in  minutes  required  to  kill  the  mycelium  of  S.  liberiiana  in 

1-50,  i-ioo,  and  1-200  formaldehyde  solutions. 


EFFECT    OF    ASPIRATING    SCIyEROTlA    ON    SUBSEQUENT    TREATMENT    WITH 

FORMALDEHYDE 

P|To  test  the  effect  which  surface  and  intercellular  air  might  have  on 
the  action  of  formaldehyde  on  sclerotia,  a  number  of  sclerotia  were  aspi- 
rated in  water  in  an  aspirating  bottle  for  yi  hour.  Subsequently  they 
were  treated  with  a  1-100  formaldehyde  solution,  washed  aseptically, 
and  plated  on  nutrient  agar.  A  comparison  with  the  untreated  controls 
shows  that  the  process  failed  to  shorten  the  time  in  which  the  sclerotia 
were  killed.     (Table  III,  treatments  6  and  7.) 
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Sclerotia  of  lot  2  (Table  III)  were  taken  12  days  after  the  first  sym- 
toms  of  drop  were  noticed  on  the  plants;  lots  1  and  3  were  taken  14  and 
18  days,  respectively,  after  the  first  symptoms  of  drop  were  noticed  on 
the  plants.  Lots  6  and  7  were  aspirated  for  %  hour  previous  to  treat- 
ment, while  lots  8  and  9  were  kept  moist  in  soil  for  18  days  previous  to 
treatment.  Lots  10  and  11  were  air-dried  for  18  days  previous  to  treat- 
ment, and  lots  4  and  5  for  16  and  35  days,  respectively. 

Table  III. — Effect  of  formaldehyde  on  sclerotia 
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RELATION  OF  MOISTURE  TO  THE   ACTION   OF  FORMALDEHYDE   ON 

SCLEROTIA 

Preliminary  work  showed  that  the  time  required  to  kill  the  sclerotia 
of  this  fungus  in  different  concentrations  of  formaldehyde  solution  is 
correlated  with  desiccation.  For  further  study  of  this  phase  one  lot 
each  of  large  and  small  sclerotia  was  kept  in  the  laboratory  in  a  dry 
bottle  plugged  with  cotton,  while  similar  lots  were  buried  in  moist 
loam  soil.  At  the  end  of  18  days  the  four  lots  were  removed  and 
treated  with  1-100  formaldehyde  solution.  Both  small  and  large 
sclerotia  kept  under  moist  conditions  described  above  were  killed  in 
less  than  5  minutes  (Table  III,  treatments  8  and  9).  Small  dry  sclerotia 
were  killed  in  15  to  20  minutes  (Table  III,  treatment  10),  while  large 
dry  sclerotia  were  killed  in  30  to  50  minutes  (Table  III,  treatment  11). 
When  the  period  of  air-drying  was  extended  to  35  days,  large  sclerotia 
were  not  killed  by  an  exposure  of  75  minutes  (Table  III,  treatment  5). 
In  all  the  experiments  where  sclerotia  were  stored  under  moist  condi- 
tions the  formaldehyde  solutions  were  more  effective,  which,  from  the 
practical  viewpoint,  emphasizes  the  need  of  keeping  the  soil  thoroughly 
moist  from  5  to  10  days  before  treatment. 

INHIBITORY    EFFECT   OF    FORMALDEHYDE    ON    CULTURAL   GROWTH   OF 

S.  LIBERTIANA 

During  the  progress  of  this  study  it  was  found  that  the  solutions  of 
formaldehyde  greatly  inhibited  subsequent  growth  on  agar  of  sclerotia 
and  mycelium  which  were  not  killed  during  the  treatment — that  is, 
growth  was  delayed  by  the  treatment.     It  appeared  that  the  action  of 
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the  formaldehyde  on  the  mycelium  was  to  produce  partial  dehydration 
of  the  cells  from  which  there  was  slow  recovery,  or  in  the  case  of  the 
sclerotia,  the  formaldehyde  killed  the  outer,  but  not  the  inner  cells,  in 
which  case  the  inner  cells  developed  growth  slowly  because  of  their 
position.  To  illustrate  the  retarding  effect  of  formaldehyde  solutions 
on  subsequent  growth  of  sclerotia  and  mycelium  a  brief  account  is  given 
of  an  average  treatment  with  each  strength. 

One-to-Fifty  Formaldehyde  Solution. — Sclerotia  were  treated  in 
the  solution,  washed  aseptically,  and  plated  on  nutrient  agar.  Results 
taken  6  days  later  showed  that  sclerotia  kept  in  the  solution  for  10  min- 
utes made  an  average  colony  growth  of  8  mm.  in  diameter,  while  the 
sclerotia  kept  in  a  solution  of  the  same  concentration  longer  than  10 


!5  20 

MINUTES 


Fig.  3. — Graph  showing  the  inhibitory  effect  of  different  concentrations  of  formaldehyde  on  the  subsequent 
growth  of  mycelium  treated  and  transferred  to  agar  plates.  Curve  A  is  a  straight  line  and  shows  that  in 
a  1-50  solution  growth  was  not  evident  after  the  shortest  exposures;  curve  B  shows  similar  results  with  a 
1-100  solution;  curve  C  with  a  1-200  solution.  There  was  no  as-minute  exposure,  hence,  the  skip  in  line 
A,  B,  C  at  this  period.  The  growth  of  the  colonies  from  the  untreated  mycelium  forms  the  last  part  of 
each  curve.    All  measurements  taken  at  the  end  of  the  fourth  day. 

minutes  were  completely  killed.  Untreated  sclerotia,  cultured  on  the 
same  kind  of  agar  for  6  days,  developed  colonies  averaging  32  mm.  in 
diameter. 

Ninety  particles  of  mycelium  from  nutrient  agar  cultures  were  treated 
in  the  solution  for  different  lengths  of  time,  washed  and  plated  on  nutrient 
agar  (Table  II).  Only  1  of  the  90  particles  showed  growth.  This  one 
remained  in  the  solution  for  5  minutes  and  made  a  scant  growth  at  the 
end  of  1 1  days.  Later  the  colony  developed  five  sclerotia.  The  controls 
showed  vigorous  growth  at  the  end  of  the  first  day,  each  colony  producing 
from  2  to  3  dozen  sclerotia. 

One-to-One-Hundred  Formaldehyde  solution. — The  method  of 
procedure  was  the  same  as  with  the  1-50  solution.  After  6  days,  sclerotia 
kept  in  the  solution  for  10  minutes  developed  an  average  colony  growth 
26  mm.  in  diameter,  while  those  exposed  for  15  minutes  produced  an 
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average  growth  of  5  mm.  Sclerotia  exposed  20,  25,  and  50  minutes 
showed  no  growth  at  the  end  of  6  days,  but  at  the  end  of  2 1  days  a  few 
sclerotia  treated  for  20  and  25  minutes  showed  scant  growth.  The  un- 
treated sclerotia  produced  an  average  colony  growth  of  3 1  mm. 

Nine  out  of  90  particles  of  mycelium  showed  growth  (Table  II) ;  these 
remained  in  the  solution  only  5  minutes  and  showed  no  growth  until  the 
fourth  day  after  they  were  transferred  to  the  agar.  The  controls  showed  a 
vigorous  growth  at  the  end  of  the  first  day.  Colonies  from  treated  par- 
ticles of  mycelium  developed  sclerotia  more  slowly  and  fewer  in  number 
than  those  of  the  controls. 

One-to-Two-Hundred  Formaldehyde  Solution. — The  method  of 
procedure  was  the  same  as  with  the  1-50  solution.  Results  taken  6  days 
after  treatment  showed  that  sclerotia  kept  in  the  solution  for  20  minutes 
produced  colonies  averaging  17  mm.  in  diameter,  while  those  exposed  for 
30  minutes  developed  colonies  averaging  13  mm.  Sclerotia  exposed  for 
greater  periods  were  killed.  Colony  growth  from  the  sclerotia  of  the 
untreated  lot  showed  an  average  diameter  of  43  mm. 

Out  of  90  bits  of  mycelium  which  were  treated  for  different  lengths  of 
time,  as  shown  in  Table  II,  18  were  treated  for  5  minutes.  All  of  these 
developed  with  retarded  growth.  Eighteen  were  treated  for  10  minutes, 
14  of  which  were  growing  at  the  end  of  the  fourth  day  and  18  at  the 
end  of  the  eleventh  day.  Of  18  treated  for  15  minutes,  none  were  growing 
at  the  end  of  four  days,  but  12  showed  growth  at  the  end  of  n  days. 
Particles  treated  for  20  and  30  minutes  were  killed.  The  18  controls 
showed  vigorous  growth  at  the  end  of  the  first  day. 

EFFECT  OF  FORMALDEHYDE  ON  SCLEROTIA  AND  MYCELIUM  AT  DIF- 
FERENT DEPTHS  IN  SOIL 

From  the  practical  as  well  as  the  scientific  viewpoint  it  is  important 
to  know  to  what  depth  sclerotia  and  mycelium  are  killed  by  a  1-100 
formaldehyde  solution  applied  to  the  surface  of  the  soil.  To  determine 
this,  sclerotia  and  mycelium  were  collected,  placed  in  labeled  copper 
wire  baskets,  and  buried  in  a  good  lettuce  soil  at  different  depths  (Table 
IV).  Subsequently,  the  surface  of  the  soil  was  treated  with  a  1-100 
formaldehyde  solution  at  the  rate  of  1  gallon  to  the  square  foot.  At  the 
end  of  7  days  the  baskets  were  removed,  opened,  and  9  sclerotia  from  each 
depth  washed  in  sterile  distilled  water  and  transferred  to  three  nutrient 
agar  plates.  The  particles  of  mycelium  were  treated  in  a  similar  manner. 
Growth  was  recorded  at  the  end  of  the  first,  second,  and  third  weeks. 
Final  results  from  a  large  number  of  tests  are  recorded  in  Table  IV. 

Infested  lettuce  soils  of  commercial  greenhouses  contain  sclerotia  and 
mycelium  of  the  causal  fungus  at  varying  depths.  By  the  method  just 
described  it  is  possible  to  treat  the  organism  under  conditions  practically 
the  same  as  those  in  the  soil  of  commercial  houses  and  still  recover  the 
organism  from  the  soil  at  will. 

Table  IV  shows  that  with  the  exception  of  one  particle  buried  at  a 
depth  of  16  inches  all  mycelium  down  to  20  inches  was  killed. 
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Table  IV. — Effect  of  formaldehyde  on  sclerotia  and  mycelium  buried  at  different  depths 

in  soil 
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r 

0 
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Mycelium  in  decomposing  let- 

O 

O 

O 

0 

0 

0 

tuce  leaves. 

As  previously  stated,  the  moisture  content  of  sclerotia  at  the  time  of 
treatment  is  a  very  important  factor  in  killing  sclerotia  with  formal- 
dehyde. This  is  again  made  evident  in  Table  IV  by  comparing  the 
effect  of  treatment  on  sclerotia  in  which  a  moisture  content  was  main- 
tained by  contact  with  the  host  plant,  and  on  air-dried  sclerotia.  In 
eight  trials  where  sclerotia  were  removed  directly  from  the  host  and 
treated,  six  showed  all  sclerotia  killed  down  to  20  inches.  In  the  other 
two  trials  the  treatment  was  effective  at  a  maximum  depth  of  12  inches. 
Sclerotia  air-dried  for  15  days  were  killed  at  a  depth  of  4  to  8  inches. 
Sclerotia  taken  from  pure  culture  and  treated  in  the  same  manner  were 
apparently  about  as  resistant  to  the  action  of  formaldehyde  solutions  in 
the  soil  as  sclerotia  taken  from  lettuce  plants.  Obstructions  in  the  soil 
such  as  pebbles,  rocks,  dry  earth,  etc.,  may  act  as  shields  preventing  the 
formaldehyde  from  reaching  the  fungus,  which  possibly  explains  the 
variations  in  results. 

A  sclerotium  has  been  denned  as  "  a  compact  mass  of  hyphae  in  dor- 
mant state."  The  compactness  of  the  dormant  hyphae  and  the  thick 
walls  of  the  cells  makes|'it  extremely  difficult  for  most  disinfectants  to 
penetrate  to  the  interior  cells  of  a  sclerotium.  Although  formaldehyde 
is  very  penetrating  it  failed  to  kill  the  sclerotial  stage  of  the  fungus  as 
quickly  as  the  vegetative  stage  under ^the  same  conditions  (Table  IV). 

TREATMENT    OF    GREENHOUSE    SOILS    FOR    THE    CONTROL    OF    S. 

LIBERTIANA 

Since  laboratory  tests  with  formaldehyde  proved  so  effective  against 
the  sclerotia  and  mycelium  of  5.  libertiana  it  seemed  advisable  to  test 
thoroughly  its  value  for  the  control  of  this  fungus  as  it  occurs  naturally 
in  greenhouse  lettuce  soils.     Therefore,  extensive  experiments  have  been 
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conducted  along  these  lines,  both  in  experimental  and  commercial 
greenhouses. 

In  eight  successive  lettuce  crops  grown  in  the  experimental  green- 
houses at  Amherst,  the  treated  plots  averaged  2  per  cent  drop,  whereas 
the  untreated  plots  averaged  over  50  per  cent  drop  (PI.  1).  Several 
large  commercial  houses  were  treated  with  results  equally  good. 

In  the  course  of  the  work  in  was  shown  that  the  treatment  in  all 
commercial  houses  should  begin  in  the  lettuce  seed  bed  and  that  trans- 
planting and  permanent  beds  also  must  be  treated.  In  all  of  the  green- 
house experiments  the  soil  was  drenched  with  a  1-100  formaldehyde 
solution  applied  at  the  rate  of  1  gallon  to  the  square  foot  of  soil  surface. 
No  covering  was  used  over  the  soil  after  treatment,  as  it  was  found  to  be 
impractical  on  a  large  scale  and  the  results  showed  that  it  added  nothing 
to  the  efficiency  of  the  treatment.  If  at  any  time  sterilization  is  not 
complete  or  a  house  has  only  a  few  scattered  cases  of  drop  the  location 
of  the  dropped  plants  can  be  marked  with  pot  markers  as  the  disease 
appears  and  the  roots  and  tops  removed.  After  the  crop  is  harvested 
the  spots  where  the  diseased  plants  grew  can  be  drenched  with  a  1-100 
formaldehyde  solution. 

Lettuce  plants  6  weeks  old  from  seed  may  be  set  safely  8  days  after 
the  application  of  a  1- 100  formaldehyde  solution  to  the  soil  providing  the 
soil  is  stirred  5  or  6  days  after  the  treatment.  But  where  only  a  few 
scattered  spots  are  treated  plants  may  be  set  as  soon  as  the  soil  can 
be  worked. 

EFFECT  OF  FORMALDEHYDE  ON  SUBSEQUENT  PLANT  GROWTH 

During  the  progress  of  this  study  it  was  manifest  from  a  comparison 
of  weights  of  lettuce  plants  of  the  treated  and  untreated  plots  that 
formaldehyde  increased  plant  growth. 

For  example,  226  mature  lettuce  plants  of  a  treated  area  in  a  commer- 
cial greenhouse  weighed  164  pounds,  while  the  same  number  of  plants 
taken  from  an  adjacent  untreated  plot  weighed  132  pounds,  which 
represents  a  gain  of  23.6  per  cent  in  favor  of  the  plants  grown  on  the 
treated  soil.  Clinton  (4)  also  has  noticed  similar  results  on  lettuce. 
Buddin  (3)  observed  in  his  pot  experiments  with  tomatoes  that  the  crop 
was  earlier  and  of  greater  bulk  in  the  pots  which  had  been  treated  with 
formaldehyde.  That  formaldehyde  does  increase  plant  growth  must  be 
accepted,  but  the  exact  reason  for  it  has  never  been  satisfactorily  ex- 
plained. 

SUMMARY  AND  CONCLUSIONS 

The  maximum  time  required  to  kill  small  sclerotia  with  1-50  formalde- 
hyde solution  in  vitro  was  15  minutes,  and  for  large  sclerotia  20  minutes. 
With  1-100  formaldehyde,  small  sclerotia,  15  minutes;  large  sclerotia, 
30  minutes.  With  1-200  formaldehyde,  small  sclerotia  75  minutes; 
large  sclerotia,  90  minutes. 

The  maximum  time  required  to  kill  both  sizes  of  sclerotia  is  inversely 
proportional  to  the  concentration  of  the  formaldehyde  solution. 

In  a  1-50  or  a  1-100  formaldehyde  solution  in  vitro,  mycelium  from 
pure  cultures  was  killed  in  5  to  10  minutes;  in  a  1-200  solution  in  15  to 
20  minutes. 
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Approximately  the  same  length  of  time  was  required  to  kill  sclerotia 
in  both  the  1-50  and  the  1-100  solutions  of  formaldehyde;  the  same  was 
true  of  mycelium. 

Aspirating  sclerotia  for  one-half  hour  in  water  and  subsequent  treat- 
ment in  a  formaldehyde  solution  in  vitro  failed  to  shorten  the  time 
in  which  they  were  killed. 

Formaldehyde  solutions  are  much  more  effective  if  the  sclerotia  are 
not  in  a  desiccated  condition.  For  this  reason,  the  soil  of  commercial 
greenhouses  should  be  maintained  in  a  moist  condition  for  5  to  10  days 
immediately  previous  to  the  formaldehyde  treatment. 

The  formaldehyde  solutions  greatly  checked  subsequent  colony  growth 
on  nutrient  agar  of  the  sclerotia  and  the  particles  of  mycelium  which 
were  treated  in  them. 

In  most  cases  the  1-100  formaldehyde  solution  killed  sclerotia  and 
mycelium  20  inches  below  the  soil  surface. 

A  4- year  test  has  demonstrated  that  a  1-100  formaldehyde  solution 
is  an  effective  soil  fungicide  when  used  to  control  5.  libertiana  in  green- 
house soils.  Sterilization  is  not  always  complete.  In  both  experi- 
mental and  commercial  greenhouses  the  treated  portions  have  not  aver- 
aged over  2  to  4  per  cent  drop,  whereas  the  unsterilized  portions  have 
averaged  over  50  per  cent  drop. 

In  greenhouses  that  show  only  scattered  cases  of  drop  it  is  advisable 
to  remove  the  diseased  plants,  mark  their  locations,  and  after  harvest 
treat  the  infected  area  with  a  liberal  application  of  a  1-100  formaldehyde 
solution.  This  will  not  delay  work  in  the  house,  as  the  soil  may  be  worked 
and  planted  the  day  following  such  treatment. 
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PLATE  I 

A. — A  lettuce  plot  in  the  experimental  house  affected  with  drop  in  1917.  The  same 
year  this  plot  was  treated  with  a  1-100  formaldehyde  solution.  Nine  crops  of  lettuce 
have  since  been  grown  in  this  bed  without  the  loss  of  a  plant. 

B. — An  untreated  plot  in  the  same  bed  as  A  and  adjacent  to  it.  Ninety-four  per 
cent  of  the  plants  in  this  plot  dropped. 
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DISTRIBUTION    OF  PENTOSANS    IN  THE  CORN   PLANT 
AT  VARIOUS  STAGES  OF  GROWTH  » 

By  J.  H.  Ver  Hulst,  Assistant,  W.  H.  Peterson,  Associate  Professor,  Department 
of  Agricultural  Chemistry,  and  E.  B.  Fred,  Professor,  Department  of  Agricultural 
Bacteriology,  Wisconsin  Agricultural  Experiment  Station 

INTRODUCTORY  DISCUSSION 

Pentosans  are  known  to  be  present  in  the  cell  walls  of  all  green  plants, 
in  the  bark  and  woody  fiber  of  trees,  in  spices,  fungi,  mosses,  various 
straws,  tree  and  vegetable  gums,  fruits,  and  seeds.  The  wide  occurrence 
of  the  pentosans  in  nature  and  the  large  percentage  of  furfural-yielding 
constituents  in  the  cellular  and  skeletal  structures  of  various  plants  has 
led  many  investigators  to  make  a  thorough  study  of  these  plant  sub- 
stances in  the  hope  that  some  exact  knowledge  might  be  obtained  con- 
cerning their  origin  and  physiological  function. 

A  study  of  the  pentosan  content  of  plants  at  various  stages  in  their 
development  discloses  some  significant  facts.  In  most  seeds  the  pento- 
sans increase  during  the  process  of  germination.  This  increase  continues 
throughout  the  growth  of  the  plant  and  is  particularly  marked  in  the 
fibrous  portions  such  as  the  straw,  the  stem,  or  the  leaf.  The  new  tissue 
contains  a  smaller  quantity  of  pentosans  than  the  old ;  a  young  leaf  may 
have  only  about  two- thirds  as  large  a  quantity  of  pentosans  as  a  dead 
and  withered  leaf.  The  formation  of  pentosans  appears  to  parallel  that 
of  the  cellulose  and  to  be  more  particularly  concerned  with  the  structural 
requirements  of  the  plant. 

It  is  generally  agreed  that  pentosans  are  not  directly  formed  by 
assimilation  of  carbon  dioxid.  The  increase  in  the  actual  quantity  of 
pentosans  in  the  germination  stage  indicates  a  conversion  of  hexose 
material  into  pentosans.  This  direct  evidence  for  the  conversion  of 
hexosans  into  pentosans  finds  additional  support  in  the  discovery  that 
xylans  are  in  almost  every  instance  found  with  glucosans,  while  arabans 
are  most  often  found  together  with  galactans.  (18, 14,16,6,)  ?  In  many 
of  the  straws  the  xylose  molecules  are  linked  with  the  cellulose  molecules 
in  such  a  firm  complex  that  they  can  only  be  separated  by  a  strong  acid 
hydrolysis. 

Arabinose-galactose  complexes  (galacto-arabans)  have  been  found  in 
legumes,  in  arabinic  acid,  in  cherry  and  peach  gums,  in  gum  tragacanth, 
and  in  coffee  beans.  De  Chalmot  (2)  has  pointed  out  the  striking 
similarity  between  the  stereoisomeric  formulae  of  d-glucose  and  1-xylose, 
and  between  d-galactose  and  1-arabinose,  and  in  view  of  this  fact  has 
proposed  a  theory  to  explain  the  conversion  of  hexosans  into  pentosans 
by  the  plant.  According  to  this  theory  the  pentoses  are  formed  from 
the  corresponding  hexoses  as  a  result  of  oxidation  and  decarboxylation 
of  the  terminal  alcohol  group.  The  proof  for  this  theory  has  not  been 
established,  however,  by  experimental  evidence. 

1  Accepted  for  publication  Sept.  i>,  1922.  This  work  was  supported  in  part  by  a  grant  from  the  special 
research  fund  of  the  University  of  Wisconsin.  Published  with  the  approval  of  the  Director  of  the  Wisconsin 
Agricultural  Experiment  Station. 

2  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  662-663. 
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The  question  whether  the  pentosans  may  serve  as  reserve  substances 
in  the  plants  has  been  made  a  subject  of  study  by  numerous  investiga- 
tors. De  Chalmot  (3),  Schone  and  Tollens  (12),  and  Gotze  and  Pfeiffer 
(7)  have  concluded  that  the  pentosans  do  not  act  as  reserve  substances. 
It  has  been  shown  that  no  decrease  results  in  the  pentosan  content  of 
plants  during  the  different  stages  of  development  and  hence  the  plant  does 
not  draw  on  the  pentosans  for  the  support  of  its  life  processes.  Some 
exceptions  appear  to  this  general  condition,  as  in  the  germination  of 
the  seeds  of  Tropaeolum  majus  (2),  and  in  the  decrease  of  pentosans  in 
tree  trunks  (17)  during  the  growing  season.  In  a  recent  paper  Totting- 
ham,  Roberts,  and  Lepkovsky  (19)  suggested  that  xylose-yielding 
substances  may  act  as  reserve  carbohydrate  in  the  metabolism  of  the 
apple  tree.  Miyake  (9)  determined  the  quantity  of  pentosans  and 
methyl  pentosans  in  the  cotyledon  and  embryo  of  the  germinated  and 
ungerminated  seeds  of  garden  beans  and  soybeans  and  concluded  that 
ordinarily  the  pentosans  do  not  serve  as  reserve  substances  but  that  when 
the  more  easily  utilizable  material  is  used  up  the  pentosans  may  function 
as  reserve  material.  Schulze  (13)  and  Ravenna  and  Cereser  (11)  are 
also  of  the  opinion  that  in  certain  instances  the  pentosans  may  be  used  as 
reserve  material. 

Although  the  physiological  function  of  the  pentosans  is  still  obscure 
and  unsolved,  it  is  doubtful  whether  their  origin  is  the  result  merely  of 
an  accumulation  of  waste  material.  It  is  probable  that  they  have  some 
real  importance  in  the  formation  of  wood  and  in  the  formation  of  the 
skeletal  structure  of  the  various  plants. 

Associated  with  the  pentosans  are  the  methyl  pentosans  which  have 
been  found  in  mosses,  algae,  cereals,  fungi,  and  in  other  plant  material. 
Borghesani  (1)  made  a  study  of  the  relationship  between  the  amounts 
of  pentosans  and  methyl  pentosans  in  different  species  of  soybeans  and 
corn  and  found  that  this  ratio  was  practically  constant.  However,  little 
more  than  the  wide  occurrence  and  seemingly  intimate  relationship  to 
the  pentosans  is  known  concerning  the  methyl  pentosans. 

A  study  of  the  pentosans  and  free  pentoses  in  the  corn  plant  at  the 
various  stages  of  growth  seemed  highly  desirable,  and  these  observations 
are  described  in  this  paper  together  with  some  data  on  the  fermentation 
of  the  pentosans  of  green  corn  fodder  by  pure  cultures  of  a  number  of 
bacteria. 

EXPERIMENTS 

Corn  of  the  variety  known  as  Golden  Glow  was  planted  in  the  green- 
house on  January  15.  The  first  plants  were  harvested  on  February  2 
and  were  about  9  to  12  inches  high.  The  plants  were  uprooted  with  the 
utmost  care  in  order  to  obtain  the  entire  root  system  and  dry  outer 
shell  of  the  germinated  kernel  which  is  still  attached  to  the  plant  at  this 
stage  of  growth.  These  plants  were  not  separated  into  tops  and  roots 
before  determining  the  pentosan  content.  Some  of  the  plants  at  the 
same  time  were  harvested  without  the  root  system.  Upon  analysis  it 
was  found  that  the  tops  contained  a  considerably  smaller  percentage  of 
pentosans  than  the  whole  plant.  The  plants  of  the  succeeding  stages 
were  consequently  divided  into  tops  and  roots. 

The  second  series  of  plants  was  harvested  on  February  15.  These 
plants  were  from  12  to  15  inches  high  and  were  just  putting  out  their 
anchor  or  surface  roots.  They  also  still  had  the  outer  shell  of  the  kernel 
attached  to  the  root  system. 
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The  third  series  of  plants  was  harvested  on  June  23  from  a  plot  on 
one  of  the  university  farms.  Because  of  the  enormous  increase  in 
pentosans  and  dry  matter  in  the  plants  which  were  harvested  on  March  9, 
it  was  felt  that  a  series  of  plants  should  be  selected  which  would  represent 
a  stage  of  growth  intermediate  between  the  series  of  February  15  and 
March  9,  series  4.  These  plants  were  about  2  to  2l/2  feet  high  and  were 
just  putting  out  their  anchor  roots.  On  analysis,  however,  it  was  found 
that  they  were  almost  as  far  advanced  as  the  series  of  March  9  and  did 
not  fit  into  the  gap  between  the  second  and  fourth  series  as  well  as 
could  be  desired. 

On  March  9,  the  fourth  series  of  plants  was  harvested.  These  plants 
were  about  3  feet  high.  All  of  the  plants  of  the  second,  third  and  fourth 
series  were  divided  into  tops  and  roots. 

The  plants  representing  the  next  stage  of  growth  were  selected  on 
March  26.  They  were  about  5  to  6  feet  high  and  were  in  the  tassel 
stage.     The  plants  were  divided  into  roots,  leaves,  and  stalks. 

The  sixth  series  of  plants  was  harvested  on  April  12.  These  plants 
were  in  the  silk  stage  and  of  about  the  same  height  as  those  of  the 
preceding  series. 

On  May  18  the  plants  of  the  seventh  series  were  harvested.  These 
plants  were  about  6  feet  high  and  had  produced  ears  which  were  in  the 
milk  stage. 

The  last  series  was  selected  on  June  1.  These  plants  were  from  6.5 
to  7.5  feet  high,  and  the  kernels  were  in  the  dent  stage.  The  plants  of 
the  last  three  series  were  separated  into  roots,  leaves,  stalks,  husks, 
cobs,  and  silk.  In  the  last  series  the  kernels  were  analysed  separately 
from  the  cobs. 

All  the  samples  were  thoroughly  washed,  dried,  and  weighed.  A  sub- 
sample  of  the  material  was  ground  to  a  fine  powder  and  dried  over- 
night at  1050  C.  in  an  electric  oven.  Duplicate  samples  of  1  gm.  each 
were  then  taken,  and  a  pentosan  determination  was  made  as  described 
in  the  Krober  method  (<?).  With  these  methods  of  sampling,  grinding, 
and  drying,  duplicate  determinations,  checking  to  within  5  mgm.  of 
phloroglucid  were  easily  obtained.  If  a  difference  greater  than  5  mgm. 
between  duplicates  was  found,  the  determination  was  repeated.  The 
results  of  this  series  of  experiments  are  given  in  Table  I. 

Table  I. — Pentosan  content  of  the  different  parts  of  the  com  plant  at  various  stages 

of  growth 

[Calculated  on  the  basis  of  ioo  plants.) 


Series 
No. 

Age. 

Days. 

0 

I 

18 

2 

31 

3 

40 

4 

53 

5 

70 

Stage  of  growth. 


Part  of  plant. 


Kernels 

9  to  12  inches j  Whole  plant. 

istoisinches ^k.'  '. '. '. '. '. '. 

"°*-sfeet fa:::::: 

3*« ;&::::: 


Tassel. 


I  Leaves. 
Stalks.  . 
Roots.. 


Dry 
weight. 

Pentosans. 

Gm. 

Per  cent. 

29.6 

7-4 

23-7 

15-4 

16.7 

11. 6 

II. 2 

19-5 

495-7 

i5-i 

74-3 

18.2 

559-4 

17-3 

81.4 

17-3 

1, 106.6 

19.9 

1,016.6 

19. 1 

35°-6 

19.8 

Total 
pentosans. 


Gm. 
2 

3 
I 
2 

75' 


J3-5 
97.2 
14. 1 

220.7 
194.2 

09-5 
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Table  I. — Pentosan  content  of  the  different   parts  of  the  corn  plant  at  various  stages 

of  growth — Continued 

[Calculated  on  the  basis  of  ioo  plants.] 


Series 
No. 


Age. 


Days. 


87 


123 


137 


Stage  of  growth. 


Silk  forming. 


Milk. 


Dent 


Part  of  plant. 


Leaves. 
Stalks.  . 
Husks . 
Cobs. . 
Silk . . . 
Roots.  . 


Dry 
weight. 


Gm. 
1.374-8 
1,213.4 

75i-2 
488.6 
126.8 
338.6 


Leaves j  1,958.2 

Stalks 2,405.2 


Husks . 
Cobs . . 
Silk .  . 
Roots. 


Leaves. 
Stalks.  . 
Husks . 
Corn.  . 
Cobs. . 
Silk .  . . 
Roots.  . 


1,128.2 

4,201.0 

126.7 

458.0 

1,493.0 

J. 9S°-5 

1,019.0 
3-554-2 
1,212.5 

93-° 
615.2 


Pentosans. 


Per  cent. 
17.6 
16.3 

15-3 
9.0 

9-3 
20.3 

18. 1 
16.5 
25.6 
17.4 

14-5 
19.6 

19.4 

19-5 
33-o 
6.4 
31.8 
19.9 
21.8 


Total 
pentosans. 


Gm. 

242.2 

198.7 

114. 9 

44.I 

11. 8 

68.9 

356-2 
398.8 
288.8 
732.6 
18.4 
90.0 

290.3 
380.7 
336-4 
227.4 
386.1 
18.5 
134-4 


It  is  apparent  that  there  is  an  immediate  increase  in  the  absolute 
quantity  of  pentosans  in  the  plant.  Even  at  the  first  stage  when  the 
shoots  are  only  about  10  inches  high  the  increase  in  the  quantity  of 
pentosans  in  the  plant  over  the  quantity  in  the  kernels  is  66  per  cent. 
This  indicates  the  conversion  of  starch  or  other  dry  matter  into  pento- 
sans. At  the  second  stage,  when  the  shoots  are  only  a  few  inches  tal- 
ler, the  increase  has  mounted  to  80  per  cent.  At  the  third  stage  the 
increase  is  several  thousand  per  cent  and  thereafter  increases  enormously 
at  each  stage  of  growth.  It  will  be  noted  that  at  the  first  stage  the 
dry  weight  as  compared  with  that  of  the  kernels  is  about  20  per  cent 
less,  as  is  to  be  expected.  At  the  next  stage  the  dry  weight  has  again 
reached  that  of  the  corn  kernels  and  thereafter  increases,  except  for  the 
last  stage  where  the  dry  weight  is  slightly  less  than  in  the  preceding 
stage.  It  will  be  noted  that  throughout  the  growth  of  the  plant  the 
pentosans  increase  proportionately  with  the  dry  matter,  the  weight  of 
pentosans  being  approximately  one-sixth  that  of  the  dry  matter. 

Another  fact  of  interest  is  the  variation  in  the  percentage  of  total 
pentosans  in  the  different  portions  of  the  plant  at  the  various  stages  of 
growth.  From  7.4  per  cent  in  the  corn  kernel  the  percentage  has  in- 
creased to  1 1.6  in  the  tops,  and  19.5  in  the  roots  of  the  plants  at  the 
second  stage  of  growth.  From  this  stage  to  maturity  the  roots  show 
only  a  slight  increase.  The  tops  have  not  as  yet  reached  the  maximum 
percentage  and  increase  rapidly  as  the  plant  develops.  As  the  different 
parts  of  the  plant  appear  they  contain  a  low  percentage  of  pentosans, 
but  there  is  a  rapid  increase  as  these  parts  develop.  This  is  especially 
true  of  the  cob,  which  shows  an  increase  from  9  per  cent  to  32  per  cent. 
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METHYL    PENTOSANS 

The  various  parts  of  the  corn  plant  were  analyzed  for  methyl  pentosans. 
The  method  of  Ellett  and  Tollens  (5)  was  used  in  which  the  precipitate 
of  phloroglucid  is  extracted  with  95  per  cent  alcohol  at  6o°  C.  until 
extraction  is  complete.  Results  identical  with  those  reported  in  an 
earlier  paper  were  obtained.  In  three  determinations  of  total  pentosans 
the  decrease  in  the  weight  of  the  phloroglucid  (about  0.200  gm.)  varied 
from  0.0006  to  0.006  gm.,  the  average  being  0.0037  gm.  These  deter- 
minations were  made  on  1  gm.  of  dried  material  and  therefore  indicate 
the  presence  of  only  about  0.37  per  cent  of  methyl  pentosans  in  the 
tissue  of  the  corn  plant. 

Because  of  the  general  distribution  of  methyl  pentosans  in  plant 
tissue  which  has  been  reported  by  other  investigations  it  was  deemed 
desirable  to  check  our  procedure  by  a  determination  on  rhamnose. 

Table  II. — Conversion  of  rhamnose  into  mcthy I  phloroglucid  under  various  conditions, 

and  solubility  of  the  phlaroglucid 


Sample. 

Weight. 

Yield  of 
phloroglu- 
cid accord- 
ing to 
Krobers 
tables. 

Phloroglucid  obtained. 

Phloroglu- 
cid ex- 
tracted by 
alcohol. 

Rhamnose 

Gm. 

{    °:l 

.  1 

.  1 
.  2 

Gm. 
O.  0587 

•  1364 
.0860 

Gm. 
O.0425 
.  1041 
.  0802 

.  2184 

.2958 
.  2084 

Per  cent. 
72.4 

76.3 

93-3 
92.  6 

94.8 
92.  2 

Gm. 
O.  0425 

Arabinose 

.  1041 

.0050 

Rhamnose 

.0587 
.1770 

Arabinose 

Total 

•2357 

•°3S8 

1. 0 
.  1 

.  1 

Plant  material 

.  1672 
.0587 
.0860 

Rhamnose 

Arabinose 

Total 

•3119 

.0386 

1. 0 
.  1 

Plant  material 

.  1672 
•0587 

Rhamnose 

Total 

.2259 

.  0482 

66o 
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Table  III. — Destruction  of  the  pentosans  of  green  corn  stover  by  pure  cultures  of  various 

organisms 


Organism. 

Source. 

Pentose. 

Pentoses  destroyed. 

Control 

{ 
{ 
{ 

{ 
{ 
{ 

{ 
{ 

{ 
{ 

Gm. 
O.  2146 
.2150 

•  1933 
•2005 
.  2024 
.  2046 

•  2°3° 
.2095 
.2058 
.  2111 
.  2101 
.2075 
.1878 
.  1904 
.  1961 

•  1873 
.  1904 

•  2159 
.2037 

•  1917 
.1887 

Gm. 

O.  0215 
.0143 
.  0124 
.  0102 
.0118 

•0053 
.  0090 

.0037 
.0047 
.0073 
.  0270 
.0244 
.0187 
.0275 
.  0244 

Per  cent. 

41— ii 

Soil „ 

IO.  O 

20 

Sauerkraut 

6.6 

5-7 

124—2 

do 

4-7 

5-4 

102 

do 

2.4 

4-  1 

•ji 

Silage 

i-7 
2.  1 

C-26 

Green  corn 

3-3 

12-  S 

Bacillus  flavigena 

Fermenting  cellulose .... 
do 

ii- 5 
8.7 

7 

12.8 
ii- 5 

Milk 

Streptococcus  lactis 

.  OIII 

.0231 

.  0261 

Bacillus  coli  communis 

do 

5-  1 
10.  7 

12.  1 

A  series  of  experiments  was  carried  out  with  varying  amounts  of  rham- 
nose  and  arabinose  alone  and  together  with  1  gm.  of  plant  material. 
The  sugars  were  dissolved  in  distilled  water,  and  aliquots  representing 
the  required  amount  were  added  to  the  plant  material. 

The  yield  of  methyl  phloroglucid  which  was  obtained  did  not  equal  that 
calculated  from  Krober's  table.  However,  all  of  it  was  extractable  with 
hot  alcohol.  A  somewhat  larger  weight  was  extracted  when  the  rham- 
nose  was  added  to  the  corn  tissue,  indicating  the  small  amount  of  methyl- 
pentosans  in  the  plant  material.  The  increase,  6  mgm.,  is  approximately 
equal  to  the  phloroglucid  extracted  in  the  regular  determination.  While 
these  trials  showed  considerable  variation,  it  may  be  assumed  that  no 
great  amount  of  methyl-phloroglucid  was  formed  and  remained  unex- 
tracted  in  the  regular  determinations.     The  results  are  given  in  Table  II. 


DESTRUCTION   OF  PENTOSANS  IN   PURE   CULTURE 

About  50  gm.  of  corn  stover  were  ground  to  a  fine  powder.  One  gram 
of  the  air-dried  material  was  weighed  into  small  flasks,  50  cc.  of  yeast 
water  were  added,  and  about  2  gm.  of  calcium  carbonate  to  alternate 
flasks.  The  flasks  were  then  sterilized  and  inoculated.  The  results  are 
given  in  Table  III. 

It  is  at  once  apparent  that  some  of  the  organisms  destroyed  the  pen- 
tosans to  an  appreciable  extent.  The  maximum  destruction  was  accom- 
plished with  the  cellulose  fermenter,  Bacillus  flavigena.  Nearly  the  same 
percentage  of  pentosans  was  destroyed  by  B.  coli  communis  and  No.  C-26, 
a  chromogenic  pentose  fermenter  isolated  from  green  corn  tissue. 
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Table  IV. — Free  pentoses  in  the  corn  plant  at  various  stages  of  growth 


Series 
No. 


Stage  of  growth. 


3  feet 

Tassel 

Silk  forming 
Milk 

Dent 


Part  of  plant. 


Tops. . . 
Leaves. 
Stalks. . 
Leaves. 
Stalks. . 
Husks . 
Leaves. 
Stalks. . 
Husks . 
Cobs.  . 
[Leaves. 
Stalks.. 
<  Husks . 
Corn.  . 
Cobs. . 


Pentoses. 


Gm. 

Per  cent. 

O.  067 

o-73 

.  062 

.69 

.065 

.69 

.047 

•52 

•iS4 

1.66 

.078 

.87 

.036 

•39 

.086 

.92 

•033 

•35 

.  024 

•25 

.044 

•47 

.  072 

.76 

.  024 

•25 

.  017 

.18 

.025 

.26 

In  an  earlier  paper  (10)  pentoses  to  the  extent  of  0.6  per  cent  were 
reported  in  the  stalk  and  cob  of  every  green  corn  which  was  analyzed 
according  to  the  method  of  Davis  and  Sawyer  (4).  A  decrease  of  6  mgm. 
could  therefore  be  accounted  for  by  a  destruction  of  the  free  pentoses  of 
the  corn  stover.  In  addition  5  mgm.  must  be  deducted  for  the  difference 
in  the  duplicate  weights  of  phloroglucid.  A  loss  of  11  to  12  mgm.,  or  5 
per  cent,  of  pentosans  must  therefore  be  attributed  to  these  two  factors. 
A  destruction  of  more  than  5  per  cent,  on  the  other  hand,  may  safely  be 
attributed  to  the  destruction  of  the  pentosans  themselves. 

FREE  PENTOSES 

Ten  grams  of  the  material  were  placed  in  an  Erlenmeyer  flask,  to- 
gether with  approximately  5  gm.  of  calcium  carbonate  to  neutralize  the 
acidity  and  100  to  150  cc.  of  85  per  cent  alcohol.  The  samples  were 
placed  in  a  boiling  water  bath  and  refluxed.  Two  extractions  of  three 
to  four  hours  were  made.  The  insoluble  material  was  filtered  away  and 
the  alcohol  evaporated.  The  residue  was  taken  up  with  water,  filtered, 
and  finally  distilled  as  usual  with  12  per  cent  hydrochloric  acid.  The 
results  are  given  in  Table  IV. 

No  extractions  were  made  upon  the  plant  material  of  the  early  stages 
because  of  the  lack  of  material.  It  will  be  noted  that  the  percentage  of 
free  pentoses  is  approximately  the  same  in  the  leaves  and  stalks  of  series 
4  and  6.  The  outstanding  feature  of  Table  IV  is  the  high  percentage  of 
free  pentoses  in  the  stalks  of  the  plants  of  the  sixth  series.  Shaw  and 
Wright  (16)  have  published  a  table  in  which  the  amount  of  reducing 
sugar  in  the  corn  plant  at  the  different  stages  of  growth  is  given.  At  the 
stage  at  which  the  kernels  are  forming,  which  corresponds  to  series  6  in 
Table  IV,  they  find  the  largest  amount  of  reducing  sugar,  namely,  20.3 
per  cent.  Coincidently,  the  highest  percentage  of  free  pentoses  was 
found  in  the  stalks  at  this  stage  of  growth. 

Further  evidence  that  free  pentoses  are  contained  in  corn  tissue  was 
obtained  by  fermenting  the  alcohol-extracted  sugars  with  yeast.  The 
extracted  sugars  were  made  up  with  suitable  nutrients  and  inoculated 
with  a  pure  culture  of  yeast.  Vigorous  evolution  of  carbon  dioxid  ensued 
for  a  few  days,  but  soon  ceased.  After  15  days  the  fermented  liquid  was 
analyzed  for  reducing  sugars.  From  500  gm.  of  corn  tissue  3.54  gm.  of 
sugar  calculated  as  xylose  remained  unfermented  by  the  yeast. 
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SUMMARY 

The  pentosan  content  of  the  corn  plant  varies  in  different  parts  of  the 
plant  and  at  different  stages  of  growth.  From  a  percentage  of  7.4  in 
the  kernel,  it  increases  throughout  the  stages  of  germination,  growth, 
and  reproduction  until  a  percentage  of  31.8  is  reached  in  the  cob  at 
maturity.  The  several  parts  show  minor  fluctuations,  but  in  general 
there  is  a  steady  increase  both  in  the  actual  weight  of  pentosans  and  in 
the  percentage  of  pentosans. 

During  the  first  30  days  after  planting  the  weight  of  pentosans  in- 
creased from  2.2  gm.  to  4.1  gm.  per  100  plants,  although  there  was  no 
increase  of  dry  matter.  Pentosans  are  evidently  formed  from  starch  or 
other  dry  matter.  After  30  days  there  is  a  very  rapid  increase  in  both 
the  pentosans  and  dry  matter. 

Only  a  trace  (0.37  per  cent)  of  methyl  pentosans  was  found.  Addi- 
tions of  rhamnose  to  the  corn  tissue  were  made,  and  the  total  pentosans 
were  determined.  Although  a  quantitative  recovery  was  not  obtained, 
the  weight  of  phloroglucid  soluble  in  hot  alcohol  was  approximately 
equal  to  that  obtained  from  both  rhamnose  and  corn  tissue  separately. 

Free  pentoses  were  found  to  be  present  in  the  corn  plant  throughout 
its  period  of  growth.  They  varied  from  0.6  to  1.7  per  cent  of  the  dry 
matter.  The  maximum  percentage  was  found  in  the  stalks  at  the  time 
when  the  kernels  are  forming.  This  is  also  the  time  at  which  the  total 
sugars  reach  their  maximum. 

A  destruction  of  the  pentosans  of  green  corn  stover  was  obtained  by 
pure  cultures  of  a  number  of  organisms.  The  maximum  destruction  was 
12.8  per  cent  by  a  cellulose  fermenter  Bacillus  flavigena.  A  chromogenic 
pentose  fermenter  occurring  on  green  corn  tissue  also  produced  a  con- 
siderable destruction  of  pentosans. 
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STIMULATING   THE   GROWTH    OF   AZOTOBACTER    BY 

AERATION  » 

By  O.  W.  Hunter 
Associate  Bacteriologist,  Kansas  Agricultural  Experiment  Station 

INTRODUCTION 

Numerous  theories  and  methods  have  been  advanced  for  increasing  the 
growth  of  the  Azotobacter  cell.  Much  attention  has  been  directed  toward 
the  improvement  of  a  medium,  the  dominating  thought  being  that  the 
common  media  used  for  azofication  purposes  are  deficient  in  those 
elements  which  are  necessary  for  the  prompt  development  of  the  Azoto- 
bacter organism. 

Sohngen  (^)2  states  that  in  Beijerinck's  medium  only  nitrogen  and 
oxygen  are  lacking  for  the  luxuriant  growth  of  Azotobacter.  A  vigorous 
growth  of  these  organisms  could  be  induced  by  the  addition  of  his 
(Sohngen's)  colloids  to  this  medium,  the  colloids  causing  a  direct  contact 
between  the  Azotobacter,  oxygen,  and  nitrogen. 

It  is  not  doubted  that  the  medium  commonly  employed  in  the  cultiva- 
tion of  these  organisms  could  be  improved ;  there  are  few  bacteriological 
media  which  could  not  be  improved.  On  the  other  hand,  it  is  not 
assumed  that  the  medium  exerts  the  greatest  influence  upon  the  tardy 
development  of  the  Azotobacter. 

The  theory  of  Sohngen  that  the  Beijerinck  medium  lacks  only  nitrogen 
and  oxygen  is  here  supported.  Observations  prompt  one  to  believe  that 
both  these  elements  can  be  supplied  by  aerating  the  culture  medium  and 
that  thereby  a  rapid  and  vigorous  growth  of  Azotobacter  can  be  promoted. 

The  influence  of  aeration  upon  nitrogen  fixation  by  Azotobacter  is  not 
new.  Its  influence  is  taken  advantage  of  in  studying  the  azofication 
ability  of  the  soil  or  pure  cultures  by  inoculating  media  of  shallow  depth 
and  large  surface  exposure.  This  Lipman  (/)  noticed  in  the  cultivation 
of  Azotobacter  vinelandi  Lipman,  for  the  rate  of  nitrogen  fixation  increased 
with  the  increased  surface  exposed. 

The  relative  importance  of  aeration  upon  the  growth  of  Azotobacter 
can  be  surmised  from  some  of  its  physiological  activities.  Its  obligate 
aerobic  characteristics  as  well  as  nitrogen  requirements  for  the  synthesis 
of  cell  protoplasm  are  significant.  Inasmuch  as  nitrogen  is  lacking  in 
the  media,  the  utilization  of  atmospheric  nitrogen  is  necessitated.  The 
energy  required  for  this  assimilating  process  is  supplied  by  the  oxidation 
of  a  carbohydrate.  The  abundance  of  air  therefore  offers  two  highly 
essential  elements,  oxygen  and  nitrogen,  both  of  which  are  required  for 
the  efficient  metabolism  of  the  cell. 

Observations  noted  from  the  growth  of  Azotobacter  cultures  on  dex- 
trose-Ashby  agar  slants  would  not  lead  one  to  suspect  the  media  as 

1  Accepted  for  publication  Jan.  i6,  1922.    Contribution  No.  38  from  the  bacteriological  laboratories  of 
the  Kansas  Agricultural  Experiment  Station,  reporting  in  part  the  results  of  project  No.  138. 
'  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  677. 
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incapable  of  supporting  rapid  cell  development.  Such  cultures  have 
invariably  shown  a  vigorous  and  heavy  growth  in  24  to  48  hours,  a 
growth  comparable  to  that  exhibited  by  the  common  metatrophic  forms 
growing  on  a  nutrient  medium.  This  rapid  growth  of  Azotobacter  on 
such  agar  slopes  is  attributed  to  maximum  aeration. 

The  purpose  of  the  present  investigation  was  to  develop  a  method  for 
inducing  a  prompt  growth  of  Azotobacter  in  liquid  media,  The  im- 
portance of  aeration  in  this  respect  is  indicated  by  the  following  data. 

METHOD  OF  AERATION 

Hoffman  (j)  suggested  the  sand  slope  cultural  method  for  supplying  a 
maximum  surface  exposure  for  aeration.  Allen  (7)  used  the  mechani- 
cal agitation  method  employed  by  Bonazzi  (6)  in  his  nitrification  experi- 
ments and  reported  variable  results  with  this  method  of  aeration.  He 
attributed  the  greatest  influence  to  the  chemical  composition  of  the 
media. 

The  activity  of  organisms  in  many  fermentation  industries  has  been 
materially  increased  by  aeration.  Probably  in  most  cases  the  interest 
has  been  focused  upon  the  fermentation  processes  rather  than  on  any 
direct  interest  in  cell  multiplication.  However,  within  the  last  few  years 
aeration  has  been  employed  commercially  for  the  dirct  purpose  of  increas- 
ing the  growth  and  thereby  the  yield  of  microorganisms.  The  cultiva- 
tion of  baker's  yeast  and  the  production  of  yeast  protein  in  Germany  by 
the  fermentation  of  factory  wastes  is  dependent  upon  this  principle. 

Aeration  was  accomplished  in  the  following  experiments  by  bubbling 
air  vigorously  and  continually  through  the  culture  medium.  The  air 
was  passed  through  the  culture  by  attaching  the  culture  flask  equipped 
with  Folin's  aerating  tubes  to  a  vacuum  system.  Contamination  and 
evaporation  of  the  culture  was  reduced  to  a  minimum  by  filtering  the 
air  through  a  sterile  cotton  filter  and  two  or  three  sterile  flasks  of  water. 
The  air  was  thus  filtered  through  cotton  and  rinsed  in  water  before  enter- 
ing the  culture  flasks. 

Several  flasks  of  culture  media  could  be  easily  aerated  at  the  same 
time.  Usually  a  cotton  filter  and  wash  bottle  were  placed  between  each 
two  culture  flasks.  Little  trouble  occurred  from  contamination.  A 
good  grade  of  rubber  tubing  and  tight-fitting  connections  are  necessary, 
however.  Flasks  containing  from  200  cc.  to  250  cc.  of  media  were  used. 
The  amount  of  air  passed  through  the  cultures  was  not  measured,  but  a 
vigorous  bubbling  of  the  liquid  was  maintained  continuously. 

AZOTOBACTER   CULTURES 

Cultures  of  Azotobacter  were  isolated  from  samples  of  soil  received 
from  various  parts  of  Kansas,  Colorado,  California,  Iowa,  and  Missis- 
sippi. Flasks  containing  dextrose  or  mannite  Ashby  media  were  inocu- 
lated with  the  soil  samples.  Upon  the  formation  of  the  characteristic 
surface  growth  Ashby  agar  plates  were  streaked.  Dextrose- Ashby-agar 
slants  were  inoculated  from  well-isolated  colonies,  and  repeated  streak- 
ings  of  the  cultures  upon  Ashby  agar  plates  were  made.  A  large  number 
of  the  cultures  were  streaked  consecutively  from  1  to  12  generations. 
The  utmost  care  was  exercised  in  attempting  to  obtain  and  maintain 
pure  cultures.  Much  difficulty  was  experienced  in  satisfying  one's  self 
of  the  absolute  purity  of  a  culture.  This  is  accounted  for  by  several 
justifiable  reasons. 
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The  purity  of  the  culture  is  dependent  practically  entirely  upon  mor- 
phological considerations.  The  evident  complex  life  cycle  of  Azotobacter, 
with  its  varied  and  fluctuating  forms,  makes  a  morphological  differentia- 
tion indefinite,  especially  since  our  present  knowledge  pertaining  to  this 
life  cycle,  and  its  relative  importance  to  the  physiological  activities  of 
the  cell  is  limited. 

In  all,  16  cultures  of  Azotobacter  were  used  in  these  experiments. 
No  attempt  has  been  made  to  classify  them  as  to  species.  In  general, 
cultures  232,  6A,  12B,  9B,  8B,  iB,  10B,  and  19  were  all  typically  Azoto- 
bacter organisms  producing  a  brown  to  black  pigment.  Culture  3A, 
213,  2B,  5B,  11B,  9A,  222,  and  3B  were  likewise  typical,  but  pigment 
production  by  them  was  absent  or  doubtful.  Culture  6 A  and  9B  were 
isolated  from  Mississippi  soil,  10B  from  California  soil,  5B  from  Colorado 
soil,  and  3 A  from  Iowa  soil.  The  remaining  cultures  were  isolated  from 
soil  obtained  from  various  parts  of  Kansas. 

The  inoculum  used  for  seeding  media  was  prepared  by  adding  a  portion 
of  the  emulsion  from  a  young  dextrose- Ashby-agar  culture  to  a  flask  of 
dextrose-Ashby  broth.  This  was  aerated  for  two  to  four  days.  The 
amount  of  this  starter  usually  used  for  inoculating  the  experimental 
medium  was  0.05  per  cent  to  1  per  cent  of  the  medium  seeded.  In  all 
cases  a  morphological  analysis  of  the  starter  was  made  as  a  test  for 
purity  before  using.     The  temperature  for  incubation  was  300  C. 

MEDIUM 
The  medium  used  in  the  following  experiments,  unless  otherwise  noted, 

was:  r.,m. 

Tap  water 1,000.0 

Potassium  phosphate  (K2HP04) .5 

Magnesium  sulphate  (MgS04) .2 

Sodium  chlorid  (NaCl) .2 

Dextrose 10. o 

This  solution  was  neutralized,  filtered  if  necessary,  and  the  required 
amounts  placed  in  flasks  and  sterilized  in  the  autoclav  at  20  pounds 
pressure  for  30  minutes.  A  pinch  of  calcium  carbonate  (CaC03)  was 
added  to  each  flask  before  sterilization. 

CHEMICAL  ANALYSIS 

Total  nitrogen  determinations  and  sugar  analyses  of  the  Azotobacter 
cultures  were  made  at  frequent  intervals.  In  all  cases  the  total  nitrogen 
was  determined  by  the  usual  standard  methods.  Unless  otherwise  noted, 
50-cc.  portions  of  the  media  were  used  in  duplicate.  The  figures  referred 
to  in  the  tables  denote  the  average  of  the  duplicate  analyses.  Nitrogen 
is  recorded  in  all  cases  unless  stated  as  net  gain  in  milligrams  of  nitrogen 
per  100  cc.  of  media.  This,  in  other  words,  refers  to  the  amount  of 
nitrogen  fixed  per  gram  of  dextrose,  as  100  cc.  of  media  contains  this 
amount  of  sugar. 

Sugar  determinations  were  made  according  to  the  method  proposed  by 
Shaffer  (5).  The  copper  resulting  from  the  reduced  Fehlings  was  deter- 
mined by  colorimeter  readings.  Duplicate  readings  were  made  each  time, 
and  the  average  of  these  was  recorded.  As  a  general  rule,  50  cc.  of  the 
media  were  used.  The  protein  was  precipitated  and  removed,  the  fil- 
trate was  diluted  to  100  cc,  and  20  cc.  of  this  filtrate  were  used  for 
reduction.  The  figures  cited,  unless  so  stated,  refer  to  grams  of  dextrose 
per  100  cc.  of  medium. 
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EFFECT  OF  AERATION  UPON  NITROGEN  FIXATION 

Flasks  containing  250  cc.  of  media  were  inoculated  with  six  Azotobacter 
cultures.  Altogether,  36  flasks  of  media  were  used.  Six  flasks  were  inocu- 
lated with  each  respective  culture.  Three  of  the  flasks  for  each  organism 
were  aerated  and  three  were  not.  Examinations  were  made  on  the 
second,  fourth,  and  sixth  day. 

The  invigorating  action  of  aeration  is  conclusively  shown  by  these 
data,  given  in  Table  I. 

An  average  of  the  figures  from  the  six  cultures  give  a  net  gain  of  5.02 
mgm.  nitrogen  per  100  cc.  of  the  aerated  media  in  two  days  as  compared 
with  0.48  mgm.  nitrogen  in  the  nonaerated  cultures.  In  four  days  the 
comparison  indicates  an  average  gain  of  8.5  mgm.  nitrogen  in  the  aerated 
cultures  to  1.24  mgm.  nitrogen  in  the  nonaerated  cultures.  The  average 
net  gain  of  the  aerated  flasks  for  six  days  was  10.35  mgm.  nitrogen  to 
3.25  mgm.  nitrogen  for  the  nonaerated  cultures. 

Table  I. — Effect  of  aeration  upon  nitrogen  fixation 


1  BM. 
3BM.. 
222  M. 
10  BP. 
12  BE. 
232  E. 


Culture. 


Average . 


Milligrams  of  nitrogen  fixed. 


Aerated  cultures. 


2  days. 


5-3 
4.9 
6.0 


4-3 
4.6 


5.02 


4  days. 


8.9 

14.  2 

8.0 

7-  1 
5-6 
7.2 


8-5 


6  days. 


II-  5 

15-9 

n.  o 

8.  1 

8.4 
7.2 


i°-35 


Nonaerated  cultures. 


days. 


0.34 
.68 
.  2 

•7 


48 


4  days. 


2.  O 

1.  2 

2.  I 
.  2 

•7 


1.  24 


6  days. 


6.6 

6.0 

6.0 

.  2 

•7 
.  6 


3-  25 


It  is  to  be  assumed  that  on  account  of  insufficient  surface  exposure  in 
the  nonaerated  cultures  azofication  would  be  tardy.  Nevertheless  the 
experiment  demonstrates  the  stimulating  effect  of  aeration  and  the  possi- 
bility of  cultivating  the  Azotobacter  rapidly  in  large  volumes  of  media. 

To  compare  the  relative  efficiency  of  this  method  of  aeration  with 
shallow  depth  culture  media  the  following  experiment  was  performed. 
Eighteen  300-cc.  flasks  containing  50  cc.  of  dextrose  media  were  inocu- 
lated with  0.5  per  cent  of  inoculum  of  culture  19.  These  cultures  were 
incubated  and  three  flasks  were  removed  for  analysis  each  day  for  six 
days.  Nitrogen  determinations  were  made  upon  the  contents  of  each  of 
two  flasks.  The  third  flask  was  used  for  sugar  analysis.  Six  300-cc. 
flasks  containing  250  cc.  of  the  same  media  were  inoculated  with  a  similar 
proportion  of  culture  and  treated  to  forced  aeration.  One  flask  was 
removed  each  day  for  nitrogen  and  sugar  determinations.  This  media 
contained  no  CaC03.  The  reaction  of  the  medium  was  readjusted  to  a 
PH  of  7.0  to  7.4.     The  results  are  shown  in  Table  II. 
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Table  II.— Effect  of  aeration  upon  nitrogen  fixation  in  culture  ig 


1  day. 

2  days. 

3  days. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Reaction. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Reaction. 

Gm. 

dextrose. 

Mgm. 

N. 

Reaction. 

0. 67           5.  60 
.848  1      0 

1 

Alkalin.. 
...do..... 

0.  06 
.60 

10.  20 
4-5° 

Alkalin. . 
...do 

0 
Trace. 

12.  so 
11.  26 

Alkalin. 
Do. 

4  days. 

5  days. 

6  days. 

Gm. 
dex- 
trose. 

I 
M*?n-  iReaction. 

IN. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Reaction. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Reaction. 

0 
0 

I2.9O 
12.  06 

Alkalin.. 
...do 

0 
0 

10.80 
10.80 

Alkalin.. 
...do 

0 
0 

10. 80 
10.80 

Alkalin.. 

Do- 

The  effect  of  the  forced  aeration  is  noticed  in  the  first  three  days  of 
incubation  by  both  the  nitrogen  fixed  and  the  dextrose  fermented.  The 
amount  of  nitrogen  finally  fixed  in  the  shallow  culture  flask  was  practi- 
cally as  great  as  in  the  aerated  culture.  This  would  naturally  be  expected, 
however,  as  such  cultures  offered  a  maximum  surface  exposure.  How- 
ever, nitrogen  fixation  and  dextrose  consumption  was  more  prompt  in  the 
aerated  cultures. 

The  daily  reaction  of  the  cultures  was  alkaline,  with  possibly  one  ex- 
ception which  was  questionable.  This  was  the  nonaerated  culture  on  the 
fourth  day  of  incubation.  The  PH  for  the  cultures  reported  alkaline 
averaged  between  7.0  and  7.4. 

EFFECT  OF  AERATION  UPON  DEXTROSE  FERMENTATION 

The  ability  of  Azotobacter  to  fix  nitrogen  is  dependent  upon  the  energy 
derived  from  carbohydrate  fermentation.  The  effect  of  aeration  upon 
dextrose  fermentation  and  the  corresponding  nitrogen  fixation  is  demon- 
strated by  the  data  in  Table  III. 

Table  III. — Effect  of  aeration  upon  dextrose  fermentation  and  nitrogen  fixation 


Aerated  cultures. 

Culture. 

1  day. 

2  days. 

3  days. 

4  days. 

S  days. 

6  days. 

Gm.     -.r^™ 
dex-   l^- 
trose.       rv- 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Gm. 
dex- 
trose. 

0.  07 
.04 

Mgm. 

N. 

6.1 

Gm. 
dex- 
trose. 

Mpm. 

N. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

13  BE 

o-  S4          I-  3 

.61  ;     4.6 

0.  26 
.09 

4-3 
4.6 

0.  04 
•03 

5-6 
7.2 

0.  04 
•03 

0.03 
•03 

8     A 

■57           2-9 

•17 

4.4 

•°5 

6.1 

•035 

6.4 

•°35 

•°3 

7-R 

20551—23- 
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Table  III. — Effect  of  aeration  upon  dextrose  fermentation  and  nitrogen  fixation — Con. 


Nonaerated  cultures. 

Culture. 

1  day. 

2  days. 

■  3  days. 

4  days. 

5  days. 

6  days. 

Gm. 
dex- 
trose. 

1 
1 

Mgm. 

N. 

0.  7 
0 

Gm. 
dex- 
trose. 

Mgm. 
N. 

Gm. 
dex- 
trose. 

Mgm. 
X. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

Gm. 
dex- 
trose. 

Mgm. 

N. 

u  BE 

0.8 
.8 

0.7 
0 

0.8 
.8 

0.7 

0.8 

•7 

0.7 

0.8 
•7 

0.  7 
.6 

0.8 
•  7 

0.7 
.  6 

Average 

1 

•35 

.8 

•35 

.8 

•7j       -75 

•7 

•  75 

.6s 

•75 

■65 

Flasks  containing  250  cc.  of  media  were  inoculated  and  incubated  under 
aerating  and  nonaerating  conditions.  An  aerated  and  nonaerated  culture 
flask  was  analyzed  each  day  for  six  days.  The  daily  increase  of  nitrogen 
fixed  as  well  as  the  daily  consumption  of  dextrose  in  the  aerated  and 
nonaerated  cultures  is  shown. 

The  marked  effect  of  aeration  upon  Azotobacter  is  again  indicated  by 
these  figures.  In  the  aerated  cultures  the  consumption  of  dextrose  is 
very  rapid.  An  average  of  95  per  cent  of  the  original  amount  of  dextrose 
disappeared  within  three  days.  Such  is  not  the  case  in  the  nonaerated 
cultures.  The  average  of  the  two  cultures  indicates  that  only  20  per  cent 
of  the  dextrose  was  consumed  within  six  days  in  the  absence  of  aeration. 

The  comparative  effect  of  aeration  and  nonaeration  upon  azofication 
and  dextrose  consumption  is  more  clearly  illustrated  in  figure  1  by  the 
curves  made  from  these  data. 

The  striking  effect  of  aeration  is  thus  plainly  evident,  both  in  the 
nitrogen  fixed  and  in  the  dextrose  consumed.  A  close  relationship  is 
evident  between  the  dextrose  fermentation  and  azofication. 

RATE  OF  NITROGEN  FIXATION  AND  DEXTROSE  FERMENTATION 

Observation  was  made  upon  the  comparative  rate  of  nitrogen  fixation 
and  dextrose  consumption  in  aerated  cultures. 

Allen  (8)  contributes  data  from  one  experiment  and  concludes  that 
the  results  show  that  the  rate  of  carbohydrate  (dextrose)  consumption 
by  Azotobacter  does  not  proceed  in  a  manner  similar  to  the  rate  of  increase 
in  cell  numbers.  Some  of  his  cultures  were  agitated  by  mechanical  means. 
This  agitation  appeared  to  hasten  dextrose  consumption  as  compared 
with  those  cultures  which  were  not  agitated. 

The  results  obtained  from  six  cultures  of  Azotobacter  are  shown  in 
Table  IV.  The  organisms  were  inoculated  into  a  bottle  holding  1,500 
cc.  of  1  per  cent  dextrose  medium.  The  cultures  were  aerated  two,  four, 
six,  and  eight  days.  Total  nitrogen  and  sugar  determinations  were 
made  at  the  end  of  these  periods  by  removing  aseptically  150  cc.  of  the 
culture  from  the  bottle.  Curves  plotted  from  the  average  of  these  results 
in  figure  2,  demonstrate  a  correlation  between  the  rate  of  nitrogen 
fixation  and  dextrose  fermentation.  In  general  the  results  are  similar 
to  those  indicated  in  figure  1. 

The  data  representing  the  general  average  of  the  figures  in  the  table 
are  recapitulated  in  Table  V.  It  will  be  noticed  that  the  rate  of  azofica- 
tion per  gram  of  dextrose  for  each  period  of  two  days,  is  practically  the 
same,  namely,  6.90,  9.37,  8.34,  and  9.74  gm.  of  nitrogen. 


Feb.  24.  192.; 


Stimulating  the  Growth  of  Azotobacter 


671 


to 


1 
f 


^ 


/ 


* 

/ 
/ 

/ 
/ 

t 

1 

/ 

t 

■ 
# 

1 

1 

# 

1 

# 
# 
/ 

1 
I 

# 

1 

1 
1 
I 

t 
l 
1 
1 

# 
# 

r 

1 
1 

1 

1 

f 
1 
1 

1 
1 
t 

1 

1      i 
1     / 
*     / 

<v/?/?Af 

'«  /tjrirr£>si«r  s->/>aic 

'//Men  nco^-rm 

ff/£U&?/9AfS  M/mOG£A/  r/X£Oj  /9£/?#T&? 

i 
r 

1    / 

1    / 

§ 

/f/l£J6/&9/*8  /V/T/?O0£/V  r/JCEQ,  MOM-/9£S?/9r£'0 
G/P/9/1&  £>£-XT/?OS£  COA&l//V£0,  /Z0A/-/9£/?/?T£0 



1 
i 
# 

#  / 
#/ 
— #  / 

§/ 
if 
if 





1/ 

^<< 

1— 

,  ^^ 

•— 

/.0 


0.9 


0.8 


0.7 


o.e 


0.5 


0.4- 1 


O.J 


0.2 


Fig.  i. — Effect  of  aeration  on  nitrogen  fixation  and  dextrose  fermentation. 
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Fig.  ;. — Rate  of  nitrogen  fixed  to  dextrose  consumed. 
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Examination  also  reveals  that  42  per  cent  of  the  original  amount  of 
dextrose  was  consumed  within  two  days,  22  per  cent  within  four  days, 
17  per  cent  within  six  days,  and  13  per  cent  within  the  eighth-day  period, 
while  6  per  cent  was  not  fermented. 

It  also  appears  from  these  data  that  31.6  per  cent  of  the  total  nitrogen 
is  fixed  within  two  days,  33.8  per  cent  within  the  second  period,  10.9 
per  cent  within  the  third  period,  and  23.5  per  cent  within  the  fourth 
period.  The  amount  of  dextrose  consumed  in  four  days  was  64  per  cent 
of  the  sugar  originally  present,  while  the  amount  of  nitrogen  fixed  within 
the  same  period  was  65  per  cent  of  the  total  nitrogen  fixed.  This  periodi- 
cal rate  of  nitrogen  fixation  and  dextrose  fermentation  is  noted  in  figure 
3  by  the  curves  plotted  from  these  data. 

Resummarizing  the  data  in  Table  III  as  noted  in  Table  VI  shows  that 
the  rate  of  azofication  per  gram  of  dextrose  per  day  is  very  uniform. 

On  the  sixth  day  the  amount  of  nitrogen  recorded  is  greater  than  the 
amount  actually  fixed  for  this  period  as  the  nitrogen  determinations  were 
lost  on  the  fifth  day.  The  figures,  therefore,  in  reality  give  the  amount 
of  nitrogen  fixed  between  the  fourth  and  sixth  days. 

During  the  first  three  days  a  fixation  of  78  per  cent  of  the  total  nitrogen 
occurred.  The  amount  of  dextrose  fermented  in  the  same  period  was  95 
per  cent  of  the  original  amount  present. 

The  curves  in  figure  4,  plotted  from  these  data,  exhibit  curves 
similar  to  those  noted  in  figure  3. 

Table  IV. — Rate  of  nitrogen  fixation  and  dextrose  fermentation 
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Table  V. — Rearrangement  of  data  from  Table  IV 


Total  grams  dextrose  consumed o.  42 

Total  milligrams  nitrogen  fixed 2.  90 

Grams  dextrose  consumed  each  2  days .42 

Milligrams  nitrogen  fixed  each  2  days 2.  90 

Rate  of  azofication  per  gram  dextrose  each  2 
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Table  VI. — Rearrangement  of  data  from  Tabic  III 


Total  grams  dextrose  consumed 

Total  milligrams  nitrogen  fixed . 

Grams  dextrose  consumed  per 
day 

Milligrams  nitrogen  fixed  per 
day 

Rate  azofication  per  gram  dex- 
trose per  day 
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EFFECT  OF  CaC03 

Calcium  carbonate  appears  to  be  a  universal  constituent  of  the  media 
used  for  the  cultivation  of  Azotobacter.  Lipman  (<?)  asserts  that  calcium 
carbonate  stimulates  the  growth  of  Azotobacter  by  either  directly 
furnishing  calcium  or  indirectly  by  making  available  more  phosphorus, 
sulphur,  and  magnesium.  Other  investigators  attribute  its  beneficial 
influence  to  the  maintenance  of  a  neutral  reaction.  Allen  (7)  in  his 
studies  on  the  composition  of  media  for  Azotobacter  found  CaC03  to  be 
essential. 

For  further  investigation  with  the  cultivation  of  Azotobacter  a  sub- 
stance fulfilling  all  the  requirements  of  a  good  medium  was  desired — 
namely,  one  that  provides  the  proper  food  constituents,  proper  reaction, 
and  is  clear  and  free  from  sediment.  The  presence  of  CaC03  inter- 
fered with  the  latter  qualification.  Preliminary  experiments  with  a 
dextrose  solution  similar  to  the  medium  already  mentioned,  with  and 
without  CaC03,  had  furnished  evidence  supporting  the  doubtful  value 
of  CaC03  for  the  growth  of  Azotobacter  in  pure  culture. 

Flasks  containing  250  cc.  of  media  with  and  without  CaC03  were 
inoculated  with  pure  cultures  of  Azotobacter  and  aerated  for  six  days. 
One  flask  of  media  was  removed  each  day,  and  duplicate  determinations 
of  total  nitrogen  were  made.     The  results  are  given  in  Table  VII. 

The  averages  of  the  analyses  for  two  and  four  days  indicate  a  slight 
increase  in  the  amount  of  nitrogen  fixed  in  the  CaC03  medium.  However 
on  the  sixth  day  the  non-CaC03  medium  shows  a  slight  increase  over  the 
CaC03  solution.  The  slight  increase  of  nitrogen  fixed  in  one  medium 
over  the  other  is  attributed  to  experimental  error  rather  than  to  any 
marked  effect  of  the  media.  These  results  are  comparable  with  numer- 
ous others  obtained  in  this  laboratory.  The  conclusions  are  that  with 
pure  cultures  undergoing  a  vigorous  aeration  the  presence  of  CaC03  in 
the  media  is  not  essential  for  the  prompt  growth  of  the  Azotobacter. 

1 1  should  be  stated  that  the  medium  used  in  these  experiments  and  in 
all  other  work  where  CaC03  is  not  added  was  always  corrected  to  a 
reaction  near  a  Pu  of  7.0  to  7.4.  The  reaction  of  such  a  medium  inocu- 
lated with  pure  cultures  of  Azotobacter  and  aerated  will  vary  but  little. 
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Table  VII.- — Effect  of  CaC03  upon  nitrogen  fixation 
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SUMMARY 

(1)  A  prompt  and  vigorous  growth  of  Azotobacter  can  be  induced  in 
large  quantities  of  liquid  medium  by  sufficient  aeration. 

(2)  Aeration  stimulates  rapid  nitrogen  fixation  by  Azotobacter. 

(3)  There  exists  a  close  correlation  between  the  rate  of  dextrose  fer- 
mentation and  nitrogen  fixation. 

(4)  The  presence  of  calcium  carbonate  is  not  essential  in  a  medium 
used  for  aerating  pure  cultures  of  Azotobacter. 
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GRAY  MOLD  OF  CASTOR  BEAN  » 

By  George  H.  Godfrey2 
Pathologist,  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations 

INTRODUCTION 

The  castor  bean  (Ricinus  communis  L.)  has  had  a  unique  history  as 
a  commercial  crop  in  America.  From  i860  to  1900  it  was  a  common 
crop,  particularly  in  Oklahoma,  Kansas,  Missouri,  and  Illinois  (7,  p. 
295)?  Climate  and  soil  conditions  in  some  parts  are  highly  suitable 
for  its  more  general  culture,  as  witnessed  by  the  thousands  of  dooryard 
clusters  of  plants  that  may  be  seen  throughout  the  Southern  States. 
Furthermore,  there  has  always  been  a  sufficient  home  market  for  the 
product,  the  United  States  consuming  annually  something  like  a  million 
bushels  (13).  Nevertheless  production  had  gradually  dropped  off,  and 
for  years  previous  to  the  World  War,  the  crop  was  grown  only  sporadic- 
ally in  limited  areas  in  the  South.  The  one  factor  which  has  prevented 
the  crop  from  being  a  success  in  this  country  is  an  economic  one,  namely, 
inability  to  compete  with  foreign  producing  sections.  The  bulk  of  castor 
beans  used  in  this  country  have  for  years  come  from  India,  where  pro- 
ducing costs  are  low. 

In  one  year,  and  for  one  year  only,  this  state  of  affairs  was  completely 
changed.  In  19 18  large  areas  were  devoted  to  the  crop  all  the  way  from 
South  Carolina  to  California,  along  the  southern  border.  Something 
like  70,000  acres  were  planted  altogether.  The  reason  was,  obviously, 
the  great  war,  and  the  purpose,  to  provide  the  necessary  lubricant,  castor 
oil,  for  the  rotary  engines  used  in  a  part  of  the  immense  new  fleet  of 
aeroplanes.  The  usual  source  of  supply,  India,  was  virtually  cut  off 
by  the  war-emergency  need  of  practically  all  shipping  for  other  purposes. 
Consequently  it  was  necessary  that  the  supply  be  produced  in  this 
country.  The  first  need  was,  of  course,  for  an  adequate  amount  of  seed. 
Sufficient  seed  did  not  exist  in  America.  This  problem  was  met  eventu- 
ally through  the  activities  of  the  War  and  State  Departments,  by  having 
a  shipload  of  castor  beans  from  Bombay,  India,  diverted  from  England, 
where  it  had  been  destined  to  be  made  immediately  into  oil.  The  seed 
was  distributed  by  an  organization  perfected  by  the  War  Department 
to  farmers  in  the  Southern  States  who  agreed  to  grow  them  for  a  guar- 
anteed price  per  bushel. 

Early  in  the  year  before  this  unusual  crop  was  planted  a  thorough 
search  in  the  literature  was  made  to  determine  to  what  diseases,  if  any, 

1  Accepted  for  publication  Aug.  24,  1921. 
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the  crop  was  subject.  Only  one  was  reported  as  occurring  in  America, 
a  seedling  blight  in  Mississippi  in  1892  (18).  Apparently  but  little  work 
had  been  done  on  the  disease  at  the  time,  and  as  the  crop  was  not  con- 
tinued in  later  years  no  further  investigations  were  made.  The  common 
dooryard  castor  bean  of  the  South,  "Palma  Christi"  as  it  is  widely 
called,  has  always  been  so  free  from  disease  that  it  was  commonly  be- 
lieved to  be  immune.  In  fact,  there  was  a  widespread  superstition  that 
it  had  a  beneficial  effect  on  other  crops  and  even  on  chickens,  around 
whose  yards  it  is  often  planted.  It  was  believed  that  the  castor  bean 
kept  both  kitchen  garden  and  chickens  from  attack  by  insect  pests. 

Outside  of  America  the  most  serious  disease  reported  was  a  Phytoph- 
thora  seedling  disease  and  leaf  blight  in  India,  described  by  Dastur  in 
19 13  (6) .  A  few  other  minor  diseases  including  a  damping-off  of  seedlings, 
a  rust,  and  a  leaf  spot,  also  occur  in  India.  The  diseases  on  the  whole 
were  not  abundant  and  not  serious.  In  this  connection  Dastur  says  in 
his  paper  (6,  p.  178) : 

Though  the  castor-oil  plant  is  so  widely  distributed,  still  no  important  fungus 
pest,  except  the  rust,  has  been  recorded  as  attacking  this  crop. 

Thus,  in  so  far  as  plant  diseases  were  concerned,  the  outlook  was  good 
for  a  successful  season.  Early  in  the  summer,  however,  a  number  of 
pests  appeared  and  required  the  attention  of  both  entomologists  and 
plant  pathologists.  The  first  alarm  was  caused  by  an  outbreak  of  the 
semitropical  army  worm  Xylomyges  eridania  Cr.4  It  practically  stripped 
large  portions  of  some  fields  of  all  green  parts,  resulting  in  the  death  of 
many  of  the  plants.  This  was  followed  by  the  bacterial  wilt,  an  account 
of  which  has  been  published  by  Smith  and  Godfrey  (14).  This,  though 
widespread  in  its  distribution,  did  not  cause  a  very  high  percentage  of 
loss.  A  few  other  insects  made  their  appearance,  particularly  the  red 
spider  (Tetranychus  quinquenychus  McGregor)  and  the  pink  corn  worm 
(Pyroderces  rileyi  Wals.)4  In  addition,  two  leaf  spots  made  their  appear- 
ance, one  caused  by  Cercospora  ricinelli  Sacc.  and  Berl.  (4)  and  the  other 
by  a  bacterium.  Neither  was  very  serious.  Finally,  in  July  a  gray  mold 
appeared  upon  the  inflorescence  as  the  most  serious  menace  of  all. 
Members  of  the  State  Plant  Board  of  Florida  first  reported  its  occurrence 
in  different  parts  of  the  State  to  their  headquarters  at  Gainesville. 
Entomologists  who  were  combating  the  semitropical  army  worm  noticed 
the  increased  seriousness  of  the  gray  mold  as  the  rainy  season  advanced. 
The  disease  became  more  widespread  and  definitely  more  destructive. 
Specimens  were  sent  to  Washington  to  the  Office  of  Pathological  Collec- 
tions, and  the  fungus  was  found  to  be  a  new  species  of  Botrytis.  Prof. 
H.  E.  Stevens,  of  the  Florida  Experiment  Station,  first  published  a  report 
of  the  disease  (16,  tj).  A  brief  mention  of  it  was  also  made  in  a  Cuban 
publication  (4) .  Later  the  writer,  who  was  assigned  to  the  investigation 
of  the  problem  by  the  Bureau  of  Plant  Industry,  published  a  description 
of  the  causal  organism  (10). 

Inasmuch  as  this  castor  bean  disease  was  a  new  one  in  America,  and 
as  its  development  was  gradual  during  the  season,  from  a  few  sporadic 
primary  infections  to  widespread  destructiveness,  the  writer  has 
attempted  to  treat  the  different  phases  of  his  investigations  in  so  far  as 
practicable  in  chronologic  order,  in  order  to  better  record  its  interesting 
history. 

*  Kjsliuk,  Max,  Jr.    insects  affecting  the  castor  oil  plant.    (Manuscript  in  Bur.  Ent.,  U.  S.  Dept. 

Agr.) 
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RANGE  OF  THE  DISEASE 

A  preliminary  survey  was  made  early  in  August,  1918.  The  disease 
was  found  to  be  especially  serious  in  Florida,  which  State  was  more 
extensively  planted  to  the  crop  than  any  other.  At  Gainesville  it  was 
well  scattered  over  a  large  field.  At  Orlando  it  had  just  made  its  appear- 
ance on  a  small  scale.  At  Tampa,  Seffner,  and  Fort  Meade,  it  had  already 
destroyed  a  considerable  percentage  of  the  blossoms  and  young  pods  and 
was  rapidly  spreading.  The  most  serious  outbreak  of  the  trouble  was  at 
De  Land,  on  the  east  coast.  Here  on  August  10,  approximately  50  per 
cent  of  the  inflorescences  were  affected,  and  continuous  moist  weather 
gave  promise  of  still  further  development  of  the  disease.  Farther  south 
along  the  east  coast,  at  Vero,  West  Palm  Beach,  Miami,  and  Davie,  the 
disease  had  not  yet  made  its  appearance.  In  South  Carolina,  Alabama, 
and  Georgia  it  was  not  to  be  found.  In  Louisiana,  the  first  large  field 
examined  disclosed  none  of  the  fungus.     In  another  field  it  was  found  in 


Fig.  i. — Map  of  the  southern  portion  of  the  United  States,  showing  the  distribution  of  the  gray  mold  ol 

the  castor  bean. 

abundance.  The  significance  of  this  diversity  became  evident  when  it 
was  learned  that  the  first  field  was  planted  to  seed  grown  in  America  the 
year  before.  The  second  field  was  planted  to  the  usual  Bombay  seed. 
This  feature  will  be  emphasized  later  (p.  701)  in  connection  with  the  origin 
of  the  pathogene.  In  southern  Mississippi  the  disease  was  found  in  one 
field,  in  a  locality  that  had  been  subject  to  recent  heavy  precipitation. 
It  was  reported  by  other  observers  who  had  become  familiar  with  it  to 
be  absent  from  Texas,  Arkansas,  Tennessee,  and  northern  Mississippi. 

In  September  and  October  further  surveys  were  made,  to  follow  up 
the  previous  observations  and  to  note  any  further  spread.  It  was  found 
to  have  become  definitely  established  in  fields  at  Kissimmee,  Lucerne 
Park,  Haines  City,  and  at  Moorehaven,  on  Lake  Okeechobee,  where  a 
number  of  fields  were  seriously  affected.  In  October  a  report  of  its 
occurrence  in  eastern  Texas,  following  a  protracted  wet  period,  was 
followed  up;  and  it  was  found  that  the  disease  was  causing  from  10  to  25 
per  cent  loss  in  fields  near  Houston  and  Alvin.  At  a  point  in  southern 
Texas  not  visited  by  the  writer  personally  the  trouble  was  not  present, 
according  to  reliable  reports.     Here  the  whole  summer  was  known  to 
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be  very  dry.  The  absence  of  the  disease  in  northern  Louisiana,  Arkansas, 
Tennessee,  and  northern  Mississippi  was  further  verified  at  this  time  by  a 
personal  survey.  A  field  at  Montgomery,  Ala. ,  was  also  found  to  be  free 
from  the  disease.  Neither  had  it  occurred  since  the  first  visit,  in  plantings 
near  Valdosta,  Ga.,  Dothan,  Ala.,  or  Florence  or  McBee,  S.  C. 

By  November  15  the  mold  had  become  exceedingly  destructive  in 
localities  where  it  had  been  seen  earlier.  At  De  Land,  Fla.,  where  it  had 
been  causing  perhaps  50  per  cent  loss  in  August,  it  was  now  affecting 
practically  every  inflorescence  shortly  after  it  came  out  of  the  sheath, 
making  the  loss  a  full  100  per  cent.  It  had  also  appeared  at  points  along 
the  east  coast,  particularly  near  Miami,  and  it  was  even  found  at  the 
plantation  at  Davie,  on  the  border  of  the  Everglades.  Here  also  it  was 
found  to  have  spread  to  scattered  plants  of  "  Palma  Christi. " 

Figure  1  is  a  map  showing  the  location  of  castor  bean  plantings  in  the 
South  where  the  disease  did  and  did  not  occur  as  determined  by  personal 
field  inspections  by  the  writer  and  reports  from  others.  The  losses  in 
those  localities  where  the  disease  was  present  varied  from  10  to  100  per 
cent. 

INFLUENCE  OF  WEATHER  CONDITIONS  ON  THE  PROGRESS  OF  THE 

DISEASE 

During  the  course  of  the  various  survey  trips  through  castor-bean 
growing  sections,  the  writer  noted  the  definite  effects  of  moisture  and 
temperature  on  the  development  of  the  gray  mold.  Its  presence  and 
rapid  spread  in  the  various  localities  in  Florida  during  July,  August,  and 
September  were  definitely  traceable  to  the  warm  moist  weather  of  those 
sections,  where  the  wet  season  regularly  occurs  in  the  summer  time.  In 
certain  localities  in  particular  it  was  observed  that  there  were  showers 
every  day,  frequently  even  several  times  a  day.  Plate  2,  A,  shows 
typical  cloud  effects  that  result  in  the  showery  weather  referred  to.  At 
night  there  almost  invariably  occurred  a  heavy  dew.  Figure  2  is  a  copy 
of  a  figure  in  a  report  of  the  Weather  Bureau  (19)  showing  the  average 
monthly  rainfall  in  different  sections  of  Florida.  This  excessive  moisture 
made  an  ideal  condition  for  the  development  of  such  a  fungus  as  this 
one,  a  gray  mold. 

Figure  3,  showing  the  daily  rainfall  (20)  in  particular  localities  for 
July,  August,  September,  and  October  presents  graphically  the  striking 
contrast  in  rainfall  between  typical  localities  where  the  disease  was  serious 
and  those  in  which  it  did  not  occur. 

Particular  attention  is  called  to  the  correlation  between  the  summer 
rainfall  and  the  occurrence  of  castor-bean  gray  mold.  At  Bartow,  Fla., 
protracted  wet  periods  occurred  throughout  the  summer,  and  the  disease 
appeared  early  and  was  continuously  destructive.  At  Miami,  Fla.,  except 
for  one  period  early  in  July,  at  which  time  the  plants  were  not  yet  fully 
developed,  the  wet  weather  did  not  begin  until  September  9,  after  which 
there  was  hardly  a  day  without  rain  until  after  the  middle  of  October. 
There  the  disease  did  not  begin  to  be  destructive  until  late  summer. 
Again,  at  Houston,  Tex.,  continuous  heavy  rain  did  not  begin  till  about 
October  7,  and  there  too,  the  disease  was  not  reported  until  late  in  the 
season.  At  Valdosta,  Ga.,  and  Florence,  S.  C,  where  the  fungus  did  not 
develop  at  all,  the  rainfall  that  did  occur  was  of  short  duration  and  always 
followed  by  long  periods  of  dry  weather. 
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The  influence  of  temperature  was  not  so  definitely  traced,  though  the 
indications  are  that  it  has  its  effect  as  well.  As  will  be  seen  elsewhere  in 
the  paper,  the  optimum  temperature  for  the  development  of  the  fungus 
in  pure  culture  is  approximately  250  C.  (770  F.).  Where  temperature 
much  below  this  prevailed  in  a  locality  otherwise  favorable  to  infection  it 
might  be  assumed  that  its  failure  to  appear  was  due  to  too  low  tempera- 
ture. Such  a  condition  existed  at  Little  Rock,  Ark.  After  October  17, 
the  moisture  was  favorable  but  the  maximum  temperature  was  above 
720  F.  on  only  two  days,  October  19  and  20,  and  it  was  700  F.  or  lower 
practically  all  the  rest  of  the  month.  The  minimum  fell  below  6o°  F. 
several  days.  Likewise  in  Florida,  with  the  cooler  weather  in  the  fall,  the 
fungus  definitely  ceased  to  progress.  It  is  likely  that  the  fungus  would 
not  be  nearly  so  active  in  a  climate  a  few  degrees  cooler  than  Florida,  even 
though  moisture  conditions  were  equally  favorable. 

DESCRIPTION  OF  THE  DISEASE 

Professor  Stevens  has  given  a  very  good  description  of  the  gray- mold  dis- 
ease in  his  Florida  publications  (16,17).  A  more  complete  description  might 
well  be  given,  however,  especially  of  the  earlier  stages.  Infection  first 
becomes  evident  on  leaves,  panicles,  or  stems,  in  the  form  of  small  bluish 
spots,  from  which  yellowish  drops  of  liquid  exude.  Shortly  after — in  the 
course  of  only  a  few  hours  if  weather  conditions  remain  favorable — 
strands  of  hyphae  may  be  seen  extending  from  original  infected  spots 
along  the  surface  of  the  host  like  a  spider's  web.  These  strands  produce 
new  points  of  infection.  Development  is  rapid.  The  fungus  infects 
constantly  increasing  areas  on  the  host,  meanwhile  sending  forth  its  fruit- 
ing hyphae.  The  inflorescence  or  (to  use  the  common,  though  botanically 
incorrect  terminology)  "spike"  becomes  covered  with  this  at  first  gray, 
then  olive-drab  mold.  Plate  1  shows  a  typical  young  spike  in  an  early 
stage  of  infection.  Plate  3  shows  three  spikes  with  the  mold  farther  ad- 
vanced. At  this  stage  the  slightest  jar  will  release  a  veritable  cloud  of 
conidia,  which  spread  further  destruction  to  the  rest  of  the  field.  As  an 
affected  inflorescence  becomes  older,  the  mass  becomes  darker  in  color 
and  more  compact,  and  the  stem  droops  and  gradually  loses  its  imma- 
ture pods  or  blossoms.  (PI.  4,  A,  B.)  Close  examination  of  an  infected 
spike  will  always  disclose  the  presence  of  the  mold  itself,  or  some  other 
characteristic  feature  of  the  disease  to  distinguish  it  from  the  natural 
drying  of  the  male  blossoms  with  which  it  is  sometimes  confused.  The 
disease  is  sometimes  still  further  complicated  by  the  presence  of  the  pink 
corn  worm  (Pyroderces  rileyi  Wals.),  which  is  said  to  do  injury  at  this 
stage.5  The  two  conditions  are  often  found  together.  In  fact,  specimens 
sent  to  Washington  for  examination  were  at  first  misleading  because  of 
the  constant  presence  of  this  worm. 

On  the  leaves,  the  disease  is  usually  traceable  to  a  small  bit  of  an 
inflorescence  that  has  fallen  from  above.  From  this  central  point  the 
fungus  spreads,  producing  a  dead  spot  on  the  leaf,  accompanied  by  the 
gray  mold.  Infection  may  also  occur  at  the  margin  of  a  leaf,  causing  its 
death  in  characteristic  Botrytis  fashion.  However,  leaf  infections  are 
comparatively  rare.  Infections  on  the  stalk  and  branches  do  not  readily 
occur,   the  tissues    here  being    more    mature  and    consequently  more 
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resistant.  Cases  were  seen,  however,  in  which  actual  contact  with  a 
diseased  inflorescence  produced  a  distinct  canker  covered  with  the 
typical  gray  mold.  In  one  case  observed  such  a  spot  completely  girdled 
the  stem,  killing  the  parts  above,  including  several  flowering  branches 
and  leaves.     Plate  4  C,  shows  a  canker  on  a  stalk. 

Unfortunately  for  the  production  of  a  crop  of  castor  beans,  the  flower- 
ing parts  of  the  plants  are  the  most  readily  attacked  by  the  fungus.  A 
spike  in  any  stage  of  development  may  become  infected.  If  an  abun- 
dance of  the  pathogene  is  present  in  the  field  and  weather  conditions  are 
favorable,  every  spike  will  often  become  infected  early  in  its  develop- 
ment, even  before  the  male  blossoms  have  opened.  More  often,  perhaps, 
infection  takes  place  through  the  male  blossoms.  The  anthers,  water 
soaked  as  they  often  are  after  one  of  the  summer  rains  or  after  a  heavy 
dew,  catch  the  spores  of  the  fungus  and  permit  them  to  germinate  imme- 
diately and  produce  infection.  Nearly  mature  spikes,  containing  only 
green  pods,  may  become  infected  and  fall  over,  maturing  only  a  part  or 
none  at  all  of  the  beans.  Usually  a  plant  showed  spikes  in  all  stages, 
from  buds  just  out  of  the  sheath  to  nearly  mature  pods,  all  alike  with 
evidences  of  recent  infection. 

The  castor  bean  is  characterized  by  its  possession  of  extrafloral  necta- 
ries. These  may  occur  at  various  places  on  the  plant,  often  at  the  bases 
of  leaf  petioles,  often  on  the  leaf  itself  near  the  point  of  attachment  of 
the  petioles;  but  they  are  more  numerous  among  the  flowers.  These 
nectaries  exude  nectar  in  large  drops,  which  may  be  seen  early  in  the 
morning  before  they  have  dried  off.  It  was  suspected  that  this  nectar 
might  favor  infection  by  the  fungus.  Beneficial  effect  of  nutrient  mate- 
rial in  the  infection  drop  to  infection  by  Botrytis  has  been  mentioned  by 
other  writers  (j)  in  connection  with  Botrytis  cinerea  Pers.  Repeated 
examinations,  however,  failed  to  show  that  any  large  proportion  of  infec- 
tions occurred  in  contact  with  these  nectaries.  The  part  played  by  the 
nectaries,  however,  is  not  small.  They  attract  myriads  of  insects,  prin- 
cipally honey  bees,  wasps,  bumblebees,  and  ants  which  may  be  seen 
crawling  through  the  spikes,  infected  and  healthy  alike,  especially  after 
a  shower  when  conditions  are  ideal  for  infection.  These  insects  un- 
doubtedly play  a  large  part  in  carrying  infection.  Whetzel  (22)  has 
noted  such  an  insect  relationship  in  connection  with  the  spread  of 
Botrytis  paeoniae  Oud. 

The  appearance  of  a  badly  infected  field  in  the  height  of  the  growing 
season  is  indeed  discouraging  in  so  far  as  crop  prospects  are  concerned. 
Plate  2  B  shows  a  castor  bean  plant  in  which  practically  every  inflores- 
cence is  affected.  After  the  fruiting  of  the  plant  is  thus  arrested,  new 
spurs  shoot  out  with  the  brave  intention  of  forming  new  blossoms.  But 
almost  invariably  these  new  inflorescences  which  form  throughout  the 
summer  sooner  or  later  become  infected. 

As  the  growing  season  draws  to  a  close  with  the  advent  of  cooler 
weather  in  the  fall,  the  plant  gradually  ceases  to  make  new  growth  and 
with  freezing  weather  becomes  greatly  weakened  or  dead.  After  the 
leaves  are  shed,  the  remains  of  the  diseased  spikes,  with  a  suggestion  of 
the  still  recognizable  mold,  may  be  seen  (PI.  5,  A).  Under  the  conditions 
of  central  Florida  some  life  remained  in  many  of  the  plants,  and  early  in  the 
spring  with  the  gradually  rising  temperature,  small,  weak  green  spurs 
could  be  seen  springing  forth  from  various  parts  of  the  plants.  Even 
earlier  than  this,  however,  evidences  appeared  of  the  overwintering  of  the 
fungus.     On  February  1,  an  inspection  of  the  old  plants  standing  in  a 
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diseased  field  disclosed  the  first  appearance  of  sclerotia  under  natural 
conditions.  These  were  found  upon  the  diseased  spikes  usually  at  their 
bases  upon  wood  that  still  contained  some  sap.  Plate  1  and  Plate  5  A, 
show  some  typical  examples  of  this  condition.  From  this  time  on 
sclerotia  could  be  found  in  increasingly  greater  abundance. 

Before  the  middle  of  the  month  there  were  found  sclerotia  lower  down 
on  the  stalk  of  the  plant.  It  was  soon  obvious  that  spurs  that  had  become 
infected  during  the  first  growing  season  were  instrumental  in  carrying 
the  infection  into  the  cambium  layer  of  the  stalk.  Here  the  fungus 
overwintered.  With  the  advent  of  growing  conditions,  coupled  with  the 
decreased  resistance  of  the  host  plant,  it  started  again  into  active  growth, 
which  was  semisaprophytic,  in  all  probability,  rather  than  purely  para- 
sitic. Sometimes  a  distinct  canker  could  be  seen,  with  a  molded  spur 
in  the  middle  (PI.  5,  B,  C).  Sclerotia  soon  became  evident,  growing 
up  through  the  cortex,  sometimes  evident  on  the  surface  only  as  a  hump 
(PI.  6,  C),  and  again  practically  formed  on  the  surface.  Plate  6,  A 
and  B,  are  standing  plants  with  an  abundance  of  surface  sclerotia.  For 
the  next  two  or  three  months  stalk-borne  sclerotia  were  to  be  found 
more  and  more.  Many  newly  formed  cankers  with  subsequent  sclerotia 
were  traceable  directly  to  spring  infections  of  new  spurs  that  had  started 
from  buds  on  the  stalks. 

In  early  summer  the  coffee-bean  weevil,  Araecerus  fasciculatus  De  G., 
listed  among  the  corn-destroying  weevils  of  the  South  by  Cotton  (5), 
was  frequently  seen  on  castor-bean  plants  of  the  previous  season's 
growth,  and  the  interesting  observation  was  made  that  it  was  actually 
eating  the  sclerotia  of  Sclerotinia  ricini  Godf.  Several  of  the  weevils 
were  caught  and  imprisoned  and  furnished  with  sclerotia  and  corn  as 
food.  They  appeared  actually  to  prefer  the  sclerotia  to  the  corn.  No 
significance  is  attached  to  their  liking  for  this  fungus  as  food,  however, 
since  they  scarcely  made  an  impression  on  the  sclerotia  that  were 
available. 

CAUSAL  ORGANISM 

ISOLATION 

The  organism  was  very  easy  to  isolate.  Any  portion  of  a  diseased 
inflorescence  placed  upon  a  poured  plate  of  potato  or  corn  meal  agar  at 
ordinary  temperatures  would  develop  the  fungus  rapidly,  and  as  a  rule 
it  would  outgrow  all  contaminating  fungi  or  bacteria,  and  pure  culture 
transfers  could  be  readily  made.  In  order  to  obtain  definite  strains  of 
the  fungus,  however,  the  writer  followed  the  precaution  of  obtaining 
single  spore  cultures  in  practically  every  case.  This  was  done  by  lifting 
in  a  pair  of  forceps  a  small  tuft  of  the  fruiting  fungus  from  the  diseased 
material,  holding  it  at  the  edge  of  the  poured  plate  and  giving  a  quick 
blow  with  the  breath,  thus  blowing  spores  upon  the  surface  of  the  plate. 
The  method  was  suggested  by  Prof.  H.  H.  Whetzel,  who  uses  it  largely 
in  his  work  with  Botrytis.  Clear  corn-meal  agar  was  used  by  the  writer. 
Inside  of  24  hours  well-isolated  single  spores,  already  germinating,  were 
picked  out  and  transferred  to  tubes.  In  case  any  particular  plate  was 
too  thickly  sown  with  spores,  or  an  absolutely  sure  single  spore  isolation 
was  in  any  other  way  doubtful,  transfers  were  made  to  another  plate  of 
clear  agar  and  the  growth  of  the  colony  was  followed  to  make  sure  of  its 
purity. 

In  this  way  about  50  original  isolations  of  the  fungus  were  made. 
The  sources  and  dates  and  particular  information  concerning  them  are 
listed  in  Table  I. 
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Table  I. — Sources  of  cultures  of  Sclerotinia  ricini 


Cul- 
ture 
(B) 

No. 


6 

7 
8 

9 
io 

ii 

12 

*3 
14 

is 

16 

17 
18 


19 

20 

21 
22 

23 
24 

25 
26 

27 

28 
29 

3° 
31 
32 

33 


34 

35 
36 
37 


38 

39 
40 


Date 
collected. 


1918. 

Aug.    17 

A.ug.    3° 
Oct.     16 

..do 

..do 


..do.... 

..do 

Oct.     21 

..do 

..do 

..do 


Oct.     23 

...do 

...do 

Oct.     29 

...do 

...do 

...do.... 


Oct.     30 

..do 

Nov.    25 

..do 

..do 


.do. 
.do. 


...do. 


Isolation  method. 


Tissue  fragment .  . 


....do 

Single  spore. 

. . . .do 

....do 


.do. 
.do. 
.do. 
.do. 
do. 
.do. 

.do. 

do. 

.do. 


Place  collected. 


De  Land,  Fla. 

do 

Orlando,  Fla.  . 

do 

do 


.do. 
.do. 


Haines  City,  Fla.  . 
Lucerne  Park,  Fla. 
Winter  Haven,  Fla 
do 


Moore  Haven,  Fla. 

do 

do 


.do I  Houston,  Tex . 

.do do 


....do 

Sclerotium . 


.do. 
.do. 


Single  spore Alvin,  Tex .  . 

do do 

Tissue  fragment.  ...  Orlando,  Fla. 
...  .do ] do 

do Tampa,  Fla. . 

Sanford,  Fla. 


Nov.    27  1  Single  spore. 


Dec.      9    do. 

.  .do do. 

Dec.    10  I do. 


..do 

Dec.    15 

..do 

..do 


..do 

..do 

Oct.     30 

1919. 
Feb.      7 

..do 

Apr.      4 


.do. 
.do. 

.do. 
.do. 
.do. 
.do. 


.do. 


....do 

....do 

Sclerotium. 


Single  spore . 


Sclerotium 

Tissue  fragment . 


Miami,  Fla. 

do 

do 


.do. 


Miami,  Fla.,  Larkin 
(Fla.)  district. 

Allapattah,  Fla.  .  .  . 

do 

do 

Miami,  Fla.,  Buena 
Vista  (Fla.)  dis- 
trict. 

Miami, Fla.  (9  miles 
north). 

Davie,  Fla 

do 

Alvin,  Tex 


Orlando,  Fla. 


.do. 
.do. 


Remarks. 


Isolated  in  Washington 
by  Ruth  F.  Allen. 

Young  inflorescence. 
Do. 

Large  young  inflores- 
cence bud  just  out  of 
sheath. 

An  old  infection. 


A    half-mature    inflores- 
cence. 


Sheldon  district. 
Do. 
Do. 
Isolated     Dec.     5     from 
sclerotium    in    above 
material. 


From  male  blossoms. 
From  inflorescence. 

Do. 
From     ' '  native ' '     castor 
beans. 


From    typical    inflores- 
cence. 
From  fallen  pod. 
Do. 


From  Bombay  bean. 
From  "native"  bean. 
Isolated  Dec.  23. 


Winter  fruiting  of  the 
fungus. 

Collected  in  the  field. 

From  lesions  on  spring- 
infected  plants. 


i 
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Table  I. — Sources  of  cultures  of  Sclerotinia  ricini — Continued 

Cul- 
ture 
No. 

Date 
collected. 

Isolation  method. 

Place  collected. 

Remarks. 

41 
42 

1919. 
Mar.    16 

...do 

do 

Santiago     de      las 

Vegas,  Cuba. 
do 

Received    from     S.     C. 
Bruner,  Pathologist. 
Do. 

43 
44 

May       1 
May     29 

Dec.    15 

1918. 
Oct.     24 

Single  ascospore .... 
Tissue  fragment .... 

Orlando,  Fla 

do 

From  apothecia  on  field 

sclerotia. 
Reisolation    from    plant 

45 

do 

Miami,  Fla 

Plant  City,  Fla  , 

inoculated  with  asco- 
spore culture. 
From  seed  of  lot  33. 

do 

Isolated    May    27    from 
light-weight  seed  from 
hulling  machine. 

?  All  these  cultures  were  identical,  showing  conclusively  the  association 
of  this  one  fungus  with  the  castor-bean  blight.  Most  of  them,  together 
with  bits  of  the  material  from  which  they  were  isolated,  were  sent  to 
Prof.  Whetzel,  at  Cornell  University,  who  verified  their  identity. 

appearance;  in  culture; 

Growth  of  the  fungus  on  artificial  media  is  very  rapid.  It  is  spreading 
and  superficial  at  first,  presenting  a  characteristically  glistening  appear- 
ance on  the  surface  of  the  medium.  Within  48  hours  aerial  hyphae 
begin  to  develop,  in  the  form  of  erect  single  strands,  the  conidiophores. 
These  develop  very  thickly  and  produce  conidia  often  as  early  as  the 
second  day  of  growth.  Soon  the  culture  attains  a  light-gray  color  from 
the  production  of  conidia,  and  as  these  become  more  abundant,  it  gradu- 
ally becomes  darker  till  it  is  drab  or  even  dark-olive  gray.6  Figures  A 
and  B  of  Plate  10  are  photographs  showing  the  appearance  of  the  fungus 
on  corn  meal  agar  three  days  after  inoculation.  About  the  fourth  day 
sclerotia  begin  to  form  at  the  edges  of  the  culture  in  a  tube.  These  are 
anywhere  from  ^  mm.  to  3  or  4  mm.  in  length,  at  first  pale  smoke  gray 5 
then  gradually  darker  in  color  till  they  are  black.  At  first  flat  and 
closely  appressed  to  the  surface,  they  gradually  become  wrinkled  and 
distorted.  On  a  highly  nutrient  medium,  such  as  oatmeal  agar,  they 
are  very  abundant;  on  a  less  nutrient  medium,  such  as  one  made  with 
a  small  quantity  of  corn  meal,  less  so.  Appressoria,  while  present,  are 
usually  too  small  to  be  seen  distinctly  with  the  naked  eye.  Occasional 
cultures  appeared  in  which  they  were  massed  together  enough  to  pro- 
duce the  characteristic  appearance  of  appressoria  in  a  culture  tube. 
(PI.  11,  A.)  The  writer's  paper  containing  the  description  of  the  fungus 
(10)  contains  a  drawing  of  a  typical  microappressorium. 

The  general  appearance  of  the  fungus  in  culture  is  that  of  a  typical 
Botrytis  with  the  usual  abundance  of  gray  mold  and  black  sclerotia. 

«  Ribgway,  Robert,     color  standards  and  color  nomenclature.    43  p..  S3  col.  pi.    Washington. 
D.  C     1911. 
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MICROSCOPIC   APPEARANCE 

The  development  of  a  culture  of  this  organism  is  comparatively  rapid. 
The  conidia  germinate  almost  immediately  on  the  surface  of  a  poured 
plate  by  the  development  of  a  germ  tube  about  half  the  diameter  of  the 
spore  itself  (PI.  12,  B).  A  cross  wall  is  formed  after  the  tube  has  grown 
in  length  to  three  or  four  times  the  diameter  of  the  conidium,  and  pro- 
fuse branching  occurs  immediately  afterward,  together  with  continued 
growth  in  all  directions  from  the  conidium.  The  mycelium  of  this 
fungus  is  easily  distinguished  from  that  of  other  fungi  commonly  found 
as  contaminations  in  a  plate  by  its  large  diameter  and  its  general  robust 
appearance.  Its  contents  are  distinctly  granular  and  vacuoles  are  rare 
except  in  old  cultures.  Anastomosing  of  hyphae  is  frequent.  It  may 
occur  between  two  hyphae  which  have  arisen  from  the  same  spore  or 
between  two  adjacent  hyphae  from  different  spores.  Plate  13,  I  and  J, 
are  camera-lucida  drawings  showing  anastomosis.  The  conidiophores 
may  be  distinguished  in  a  young  culture  very  early  in  their  development. 
They  arise  perpendicularly  from  a  cell  of  a  horizontally  growing  vegetative 
hypha,  becoming  larger  and  olivaceous  in  color  a  short  distance  above 
the  surface.  Plate  12,  D,  is  a  drawing  of  the  base  of  a  conidiophore, 
showing  its  attachment  to  the  vegetative  hypha.  Sometimes  a  single 
cluster  of  conidia  is  produced  on  the  end  of  such  a  conidiophore.  More 
frequently,  however,  the  tip  will  divide  and  two  equal  branches  will 
continue  the  growth.  Often  these  will  divide  again,  and  a  third  or  even 
a  fourth  division  may  occur,  always  dichotomous,  the  internodes  becom- 
ing shorter  by  about  half  with  each  subsequent  division.  Finally  the 
conidial  head  starts  to  form,  this  too  by  continued  dichotomous  divisions 
of  the  tip  (PI.  12,  A).  It  was  difficult  at  first  for  the  writer  to  determine 
clearly  the  definite  mode  of  attachment  of  the  conidia  to  the  ultimate 
branch  tips  of  the  conidiophore.  Finally,  by  studying  the  development 
of  very  young  cultures,  this  point  was  made  clear.  The  conidia  are  borne 
on  very  fine  attenuations  of  the  ultimate  tips  of  the  conidiophore,  these 
final  cells  being  very  turgid  though  thin-walled  and  fragile.  No  wall  was 
discernible.  Plate  12,  C,  depicts  immature  conidia  attached  to  the 
conidiophore.  Upon  the  maturity  of  the  conidia,  or  upon  the  forcible 
detachment  of  nearly  mature  conidia,  the  ultimate  cells  of  the  conidio- 
phore collapse  and  hang  in  a  shapeless  mass  on  the  end  of  the  next 
branch  back,  this  tip  becoming  rounded  out  meanwhile,  owning  to  the 
turgidity  of  the  cell.  It  was  impossible  to  see  on  a  mature  fruiting  branch 
the  exact  connection  of  a  mature  conidium,  owing  to  the  density  of  the 
cluster  of  conidia. 

Microconidia  are  formed  in  abundance,  beginning  after  the  cultures 
are  about  10  days  old.  The  writer  never  observed  them  in  nature.  Media 
favorable  to  heavy  conidium  production,  such  as  corn  meal  or  potato 
agar,  sometimes  do  not  readily  produce  microconidia.  Upon  media 
which  do  not  produce  conidia  abundantly,  such  as  oatmeal  agar, 
cooked  potato  plug,  and  boiled  rice,  the  microspores  may  often  more 
readily  be  found.  The  writer  has  observed  that  they  may  often  be 
found  upon  the  thin  piece  of  medium  which  has  carried  the  transfer  from 
one  plate  or  tube  to  another.  Microconidia  are  extremely  small,  from  2 
to  3/*  in  diameter.  The  manner  of  production  was  readily  observed, 
however,  by  examining  the  exposed  surface  of  a  poured  plate,  with 
0.5-mm.  water  immersion  objective.  Considerable  variation  was  notice- 
able in  the  type  of  conidiophore  on  which  they  were  borne.     Perhaps  the 
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most  frequent  form  was  that  pictured  in  Plate  12,  F,  a  reproduction  from 
a  camera-lucida  drawing.  This  is  a  special  branch  arising  from  the 
sterile  hypha  imbedded  in  the  substratum.  In  another  type  the 
cluster  of  conidiophores  arises  directly  on  a  cell  of  the  sterile  hypha 
(10,  PL  XLI,  e).  In  still  another  form  a  long,  slender  branch 
bears  upon  its  tip  either  a  single  conidiophore  or  a  group  of  them, 
with  the  microconidia  on  their  tips.  Microconidia  were  observed  to  best 
advantage  on  germinating  ascospores,  as  shown  in  Plate  12,  G,  and  photo- 
micrographically  in  Plate  10,  C.  From  one  or  two  to  more  than  a  dozen 
microconidia  may  develop  in  succession  on  the  end  of  a  single  conidio- 
phore, those  that  are  mature  dropping  off  and  forming  a  distinct  group. 
In  general,  the  microconidia  are  very  similar  in  all  respects  to  those  de- 
scribed by  Brierly  (2)  for  Botrytis  cinerea.  No  germination  was  seen, 
however,  though  looked  for  diligently.     No  endoconidia  were  observed. 

It  was  not  deemed  profitable  to  grow  this  organism  on  a  long  series 
of  culture  media,  since  its  growth  was  almost  equally  vigorous  on  most 
media  commonly  used  in  the  laboratory.  There  were  a  few  specific  differ- 
ences evidenced  that  should  be  recorded.  On  corn- meal  agar  heavy  pro- 
duction of  the  gray  mold  occurred,  with  comparatively  little  development 
of  white  mycelium  and  only  occasional  sclerotia.  On  potato  agar,  also, 
sclerotia  were  not  abundant,  but  more  mycelium  was  evident.  Oatmeal 
agar  at  first  produced  a  profusion  of  conidia,  but  later  this  appearance 
was  hidden  by  more  or  less  of  the  white  mycelium  and  a  great  abundance 
of  sclerotia.  This  was  the  medium  most  commonly  employed  for  the 
development  of  sclerotia.  Boiled  rice  and  potato  plugs  had  fewer 
conidia,  but  sclerotia  were  abundant.  Beyerinck's  agar  produced  a  thin 
growth  of  conidia  and  few  sclerotia.  Sterilized  sweet  clover  stems  pro- 
duced large  sclerotia  and  few  conidia.  The  interesting  fact  was  noted 
that  some  media  at  times  produced  a  heavy  mat  of  conidiophores  and 
conidia  but  no  sclerotia  at  all.  Transfers  were  made  from  such  tubes  to 
oatmeal  agar  to  determine  whether  this  was  a  character  peculiar  to  the 
particular  strain  of  the  fungus.  In  every  case  a  normal  heavy  develop- 
ment of  sclerotia  was  produced  on  the  new  medium. 

The  cardinal  temperatures  for  the  growth  of  the  gray  mold  on  corn- 
meal  agar  are  as  follows:  Minimum,  120  C. ;  optimum,  250  C. ;  maxi- 
mum, 350  C. 

DEVELOPMENT  OF  THE   PERFECT  STAGE 

PRELIMINARY   EXPERIMENTS 

Before  there  had  been  any  intimation  of  the  existence  of  a  perfect  stage 
of  this  organism,  attempts  were  made  to  induce  sclerotia  to  fruit  or  other- 
wise function. 

Experiment  I. — On  February  6,  at  Orlando,  Fla.,  three  Petri  dishes  of  moist  sand 
were  sterilized  and  sclerotia  from  cultures  of  strains  B  35  and  B  37  placed  thereon,  and 
the  whole  placed  in  an  incubator  at  270  C.  Observations  were  made  for  several  days 
without  noting  any  developments  other  than  the  production  of  gray  mold  from  the 
medium  at  the  edge,  that  had  been  carried  over  with  the  sclerotia.  The  plates  became 
dry,  and  finally  on  March  16  sterile  water  was  added  and  the  plates  were  further 
treated  as  follows:  No.  1,  in  the  ice  box  for  24  hours,  then  under  a  glass  moist  chamber 
out  of  doors  under  fluctuating  but  on  the  whole  fairly  warm  temperature  conditions. 
No.  2,  submitted  to  a  —  io°  C.  temperature  in  a  freezing  mixture  for  a  few  hours,  the 
temperature  gradually  rising  to  -\-  io°  C. ,  after  which  it  was  placed  out  of  doors  along 
with  No.  1.     No.  3,  was  placed  directly  under  the  out  of  door  conditions. 
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Observations  made  frequently  thereafter  failed  to  show  any  signs  of 
the  development  of  a  perfect  stage. 

Experiment  II. — February  22.  Sclerotia  collected  from  castor-bean  plants  under 
natural  conditions  were  sterilized  for  two  minutes  in  1  to  1,000  mercuric  chlorid, 
washed  in  sterile  water  three  changes,  and  placed  partly  on  plates  of  agar,  partly  on 
plates  of  moist  sterilized  sand.  The  agar  plates  developed  a  typical  culture  of  the 
fungus  (B  39,  isolation  record,  p.  688).  On  the  sand,  the  mature  sclerotia  produced  an 
abundance  of  normal  conidiophores  and  conidia. 

FIRST  APPEARANCE  OF  APOTHECIA 

The  first  appearance  of  the  perfect  stage  of  this  organism  was  more  or 
less  unexpected ;  consequently  it  might  be  of  interest  to  record  its  history 
in  detail.  On  one  of  the  cultures  sent  to  Prof.  Whetzel  at  Cornell  Univers- 
ity, No.  B21,  collected  November  25,  1918,  he  noticed  an  apothecial  stalk 
arising  from  one  of  the  sclerotia.  Prof.  Whetzel  immediately  notified 
the  writer  at  his  temporary  station,  Orlando,  Fla.,  and  he  found  (Mar.  8) 
in  his  culture  of  the  same  strain  (B  2 1)  and  also  in  one  other  strain  (B  1) ,  a 
similar  condition.  The  cultures  had  remained  on  the  shelf  and  had  not 
been  examined  for  some  time.  These  cultures  were  then  watched  with 
jealous  care  at  both  places.  In  the  culture  at  Cornell  the  stalk  developed 
a  little  more,  then  shriveled  and  dried  up.  Under  what  were  undoubtedly 
the  more  favorable  conditions  at  Orlando,  Fla.,  the  culture  continued  to 
develop  until  the  cup  opened  out  and  reached  maturity.  Thus  there  was 
secured  a  perfect  specimen  of  the  apothecial  stage  of  this  fungus  which 
until  then  had  appeared  to  be  merely  a  new  species  of  Botrytis. 

Over  anxiety  to  permit  this  specimen  to  reach  full  maturity  resulted  in 
its  becoming  slightly  overmature,  as  was  evidenced  by  the  development 
of  a  mealy  condition  of  the  disk.  Other  apothecia  were  meanwhile 
rapidly  developing,  however,  and  it  was  clear  that  working  material  was 
to  be  had  in  sufficient  abundance  for  immediate  needs.  Extraordinary 
precautions  were  taken  with  this  culture  tube  to  obtain  absolutely 
authentic  single  ascospore  cultures,  for  it  was  not  known  at  this  time 
whether  or  not  further  specimens  could  readily  be  obtained.  From  the 
first  specimen  to  mature,  mounts  were  made  and  drawings  and  measure- 
ments secured.  The  second  was  used  to  start  cultures,  but  these  were 
discarded  in  favor  of  the  third,  a  more  perfect  specimen,  from  which 
more  clearly  reliable  results  were  secured.  This  apothecium,  taken  in 
situ,  is  shown  in  Plate  1 1  A.  For  the  sake  of  subsequent  references  it 
will  be  designated  apothecium  C.  Its  maturity  was  indicated  on  March 
27  when  a  cloudiness  different  from  that  due  to  moisture  was  observed  on 
the  inside  of  the  tube  near  the  disk  of  the  apothecium.  A  scraping  was 
made  from  this  deposit  with  a  sterile  platinum  needle  and  examination 
showed  it  to  consist  of  long  fusoid  spores,  obviously  ascospores  that  had 
been  ejected  from  the  mature  apothecium. 

In  preparation  for  the  actual  work  of  securing  single  ascospore  cul- 
tures, several  Van  Tieghem  cells,  slides,  and  thin  cover  glasses  were 
sterilized  in  the  hot  air  oven,  within  Petri  dishes.  In  addition,  tubes  of 
sterile  water  and  sterile  vaseline  were  made  ready.  Then  some  of  the 
cover  glasses  were  covered  within  a  small  circular  area  on  one  side  with 
a  thin,  smooth  film  of  clear  corn  meal  agar,  applied  directly  from  a  tube 
of  melted  agar  with  a  platinum  loop.  Apothecium  C  was  then  removed 
from  the  tube  and  placed  in  a  sterile  Petri  dish. 

Isolations  were  made  from  ascospores  derived  in  three  different  ways, 
as  follows :  (a)  Spores  ejected  directly  from  the  apothecium  to  an   agar- 
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coated  cover  slip,  ejection  being  stimulated  for  the  moment  by  a  slight 
touch  on  the  edge  of  the  desk;  (b)  a  segment  cut  from  the  side  of  the 
disk  and  crushed  in  a  drop  of  sterile  water,  the  resulting  suspension  of 
spores  being  then  applied  directly  to  the  agar  surface  of  a  cover  slip  with 
a  platinum  loop ;  (c)  spores  scraped  from  the  side  of  the  tube  to  which 
they  had  been  shot  when  the  apothecium  was  first  mature;  these  were 
applied  as  in  (b) . 

In  each  case,  the  cover  glass  was  then  placed  in  position  over  a  Van 
Tieghem  cell  which  had  previously  been  made  ready  by  ringing  above 
and  below  with  sterile  vaseline,  sealing  to  a  sterile  slide,  and  pouring  in 
a  few  drops  of  sterile  water.  A  sterile  moist  chamber  was  thus  secured 
which  could  be  moved  about  as  much  as  desired  without  fear  of  con- 
taminating the  contents.  Several  ascospores  were  observed,  singly  and 
in  groups,  and  their  germination  and  development  were  watched  with  the 
higher  powers  of  the  microscope.  All  were  practically  in  one  plane  so 
that  it  was  easy  to  mark  with  India  ink  the  position  of  germinating  single 
spores.  After  a  few  hours  several  such  single  ascospore  strains  were  cut 
out  and  removed  to  a  second  agar-coated  coverglass  and  cell,  where 
their  purity  was  verified  and  further  development  watched.  The  trans- 
fer was  accomplished  by  lifting  the  coverglass  between  the  thumb 
and  forefinger  of  the  left  hand  and  cutting  out  the  area  marked,  a  milli- 
meter or  so  square,  with  a  No.  24  platinum- wire  needle  which  had  a  very 
thin  sharp,  knife-like  point.  Later  these  single  spore  strains  were  trans- 
ferred to  tubes  of  agar. 

Inasmuch  as  this  method  of  isolating  single  spores  is  not  used  as  widely 
as  its  practicability  would  justify,  the  writer  wishes  to  call  attention  to 
it  as  a  simple,  quick,  and  reliable  means  of  obtaining  single  spores  apart 
from  one  another  and  from  all  contaminations,  especially  useful  when 
the  spores  are  exceedingly  small.  It  was  developed  and  used  by  the 
writer  at  Iowa  State  College  in  191 6-1 7.7  Later  Durrell  (<?)  used  the 
same  method  for  making  single  spore  isolations.  Many  workers  have 
used  the  Van  Tieghem  cell  for  isolating  single  spores  of  fungi,  as,  for 
example,  Sherbakoff  in  his  work  on  the  genus  Fusarium  (12,  p.  102- 
104),  in  which  he  emphasizes  the  importance  of  obtaining  single  spore 
strains  and  the  difficulties  often  attendant  thereupon;  and  most  note- 
worthy of  all,  Emil  Christopher  Hansen  who  as  long  ago  as  the  middle 
of  the  nineteenth  century  used  a  method  very  similar  to  the  one  here  de- 
scribed for  securing  single  yeast  cells  in  fermentation  technic  {11,  p. 
106, 107).  But  insofar  as  the  present  writer  has  been  able  to  determine, 
precisely  this  method  has  not  previously  been  described.  When  spores 
are  large  enough  to  be  seen  with  the  low  power  through  the  bottom  of  a 
Petri  dish  and  contaminations  are  not  a  serious  factor,  this  method  would 
not  be  justified,  of  course. 

The  several  cultures  derived  from  all  of  these  three  sources  of  asco- 
spores were  typical  in  every  way  of  the  Botrytis  cultures  obtained  from 
conidia.  The  typical  gray  mold  developed  quickly,  and  this  was  fol- 
lowed shortly  after  by  sclerotia.  Inoculations  of  castor  bean  plants 
made  with  these  cultures,  after  the  usual  method  (described  on  p.  703). 
produced  the  typical  disease.  Reisolations  made  from  such  diseased 
plants  were  held  and  used,  along  with  numerous  other  cultures,  for  later 
production  of  apothecia. 


'  Godfrey,  G.  H.     cultural  studies  of  lEptosphaeria  coniothyrium  causing  raspberry  cane 
blight.    Thesis,  Iowa  State  College,  1917.     (Not  published.) 
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DEVELOPMENT  OF   APOTHECIA   UNDER  ARTIFICIAL  CONDITIONS 

Immediately  upon  receiving  the  intimation  of  the  existence  of  a 
perfect  stage  of  this  organism  the  writer  took  steps  to  work  out  a 
means  of  producing  apothecia  under  controlled  conditions.  In  view  of 
the  fact  that  the  only  apothecia  found  at  first  were  from  tissue  transfer 
cultures  (isolation  record,  p.  688,  B  i  and  B  21),  it  was  thought  that  the 
fungus  might  be  heterothallic.  Consequently  several  cultures  were  made 
consisting  of  mixtures  of  pure-line  strains  in  various  combinations  of 
single-conidium,  single-ascospore,  and  tissue-fragment  cultures.  No  dif- 
ferences were  noted  in  the  development  of  sclerotia;  and,  as  soon  became 
evident,  there  were  no  differences  in  apothecium  production.  A  number 
of  other  experiments  were  started,  consisting  principally  of  subjecting 
sclerotia  to  different  conditions  with  the  idea  of  determining  their  effect 
on  apothecium  production.     An  account  of  these  experiments  follows. 

Experiment  III. — March  12.     Some  sclerotia  from  the  field,  one  of  them  large, 
widespread,  and  flat,  were  placed  on  a  layer  of  moist  sand  on  a  glass  plate,  and  the 
whole  was  covered  with  a  battery  jar.     This  was  placed  on  the  laboratory  table  near 
a  window.     It  was  watched  carefully  for  several  days  without  developments,  then, 
in  the  stress  of  other  work,  was  neglected  for  some  time.     During  this  period  the 
sand  became  quite  dry.     Notwithstanding  this,  on^April  16  five  apothecial  stalks 
were  seen  to  have  risen  from  the  large  flat  sclerotium.     One  was  about  1  cm.  long 
and  i}4  mm.  wide  at  the  end,  all  the  others  being  not  so  fully  developed.     The  sand 
was  at  once  moistened  before  the  apothecia  had  suffered  materially.     These  will  be 
designated  lot  III  A.     At  the  same  time  additional  sclerotia,  which  we  shall  call 
lot  III  B,  were  incubated  as  follows: 
Sclerotia  from  the  field. 
Sclerotia  from  strain  B  21  B  (1). 
Sclerotia  from  strain  B  21  C  (a)  1,  4,  and  7. 
These  sclerotia  were  placed  on  moist  sand  in  well-marked  positions  and  covered 
with  a  battery  jar,  under  laboratory  conditions. 
Observations  were  recorded  as  follows: 

Lot  III  A.     April  24.  The  largest  apothecium,  already  noted,  is  developing  very 

irregularly.     The  second  has  a  perfect  disk  i}4  mm.  in  diam.     The  third,  half  as 

large,  has  a  hollow  end.     The  fourth  is  somewhat  shriveled,  and  the  fifth  is  growing. 

April  26.  The  first  apothecium  in  its  irregular  growth  is  developing  two  smaller 

distinct  disks  on  the  side  of  the  first. 

April  29.  Early  in  the  morning  the  bell  jar  was  lifted,  and  the  second  apothecium 
was  observed  to  shoot  forth  ascospores  in  a  distinct  cloud.  April  30,  the  bell  jar  was 
lifted  again,  and  the  spores  when  ejected  were  caught  on  a  plate  of  clear  corn-meal 
agar.  Single  ascospore  isolations  were  made.  Apothecia  I  and  II  of  this  lot  were 
photographed  and  later  preserved  in  alcohol.  The  third  was  sent  to  Prof.  Whetzel  at 
Cornell  University. 
May  9.  A  dozen  or  so  more  apothecia,  well  developed,  were  noted  from  this  lot. 
Lot  III  B.  May  6.  Apothecial  stalks  are  developing  from  both  field  and  pure 
culture  sclerotia. 

May  10.  One  or  two  apothecia  from  the  field  sclerotia  are  nearly  mature. 
May  15.  An  apothecium  from  a  sclerotium  developed  in  tube  B  21  C  (a)  4  is  mature, 
as  shown  by  the  appearance  of  a  cloud  of  spores  when  the  cover  was  lifted.     This 
particular  group  of  sclerotia  was  isolated  from  the  others  and  covered  separately. 

May  16.  The  cover  was  lifted  and  ejected  spores  were  caught  on  a  poured  plate 
of  corn-meal  agar. 

May  17.  Another  "volley"  was  caught,  the  first  being  too  thickly  sown.  Single 
spore  isolations  were  made,  these  therefore  being  second-generation  ascospore  cul- 
tures. That  is,  starting  with  an  ascospore,  the  culture  has  gone  through  its  entire 
life  history,  gray  mold,  sclerotium,  apothecium,  and  a  new  generation  started  with 
an  ascospore. 

Experiment  III  demonstrates  that  under  favorable  conditions  of 
moisture  and  temperature  apothecia  can  be  produced  extensively.  It 
also  shows  that  single  ascospore  strains  of  the  fungus  are  in  themselves 
capable  of  producing  all  the  stages  of  the  life  history  of  the  fungus — 
that  is,  the  fungus  is  purely  homothallic. 
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Experiment  IV.— March  18.  In  an  attempt  to  influence  apothecium  production 
in  pure  culture,  strains  3,  5,  7,  9,  12,  13,  and  14  were  transferred  to  new  tubes,  and  the 
originals,  all  containing  an  abundance  of  sclerotia  were  submitted  to  the  following 
conditions: 

No.  3  was  placed  at  once  in  a  moist  chamber  at  room  temperature. 

No.  5  in  ice  box  for  48  hours  at  io°  to  130  C,  then  as  in  No.  3. 

No.  7  above  a  freezing  mixture  starting  at  —  io°  C,  overnight,  in  a  well  insulated 
fireless  cooker,  then  as  in  No.  3. 

No.  9  above  a  freezing  mixture  overnight,  then  as  in  No.  3. 

No.  12  in  ice  box  for  14  hours,  than  as  in  No.  3. 

No.  12  2d  in  freezing  mixture  overnight,  then  as  in  No.  3. 

No.  13  in  freezing  mixture,  with  gradual  rise  to  +io°  C,  36  hours  in  all,  then  as 
in  No.  3. 

No.  14  in  freezing  mixture  overnight,  then  as  in  No.  3. 

The  moist  chamber  was  on  a  shelf  in  the  laboratory,  some  distance  from  any  window. 
The  cultures  were  watched  for  several  weeks.  No  development  of  apothecia  occurred 
on  any  of  them  under  those  conditions.  Finally  they  were  removed  from  the  moist 
chamber  and  placed  in  a  culture-tube  rack  on  the  laboratory  shelf. 

Eventually,  later  in  the  summer,  several  sclerotia  from  these  tubes 
gave  rise  to  apothecial  stalks.  Included  in  those  so  doing  were  tubes 
Nos.  9  and  13,  which  showed  that  the  actual  freezing  of  the  sclerotia 
was  in  no  way  injurious  to  the  life  of  the  fungus.  Neither  did  it  stimu- 
late apothecium  production  in  any  way. 

Experiment  V. — April  12.  A  large  number  of  field  sclerotia  were  placed  in 
Petri  dishes  of  unsterilized  moist  sand.  These  were  subjected  to  varying  conditions, 
particularly  with  regard  to  temperature.  Plate  No.  6  placed  in  a  moist  chamber 
at  room  temperature  was  the  first  (May  10)  to  start  to  develop  apothecia.  No.  4  was 
held  until  May  24  in  a  moist  chamber  in  a  warm  dark  room  without  development 
of  apothecia  and  on  this  date  was  moved  out  of  doors,  still  maintaining  moist  chamber 
conditions.     Almost  immediately  thereafter  apothecia  began  to  develop. 

Nos.  2  and  5,  held  in  the  ice  box  until  May  26,  were  on  this  date  placed  out  of  doors 
with  No.  4;  and  also  shortly  afterward  they  developed  apothecia.  On  May  26  plates 
3  and  6,  the  former  having  been  held  for  the  first  week  in  the  ice  box,  each  had  a 
dozen  or  so  beautiful  apothecia. 

From  this  experiment  it  would  appear  that  high  humidity  and  a  warm 
temperature  are  the  primary  requisites  for  apothecium  production. 
There  are  strong  indications  that  light  as  well  is  an  essential  factor. 

Experiment  VI. — April  15.  Several  large,  black  sclerotia  from  various  pure  culture 
tubes  were  picked  out  under  sterile  conditions  and  placed  half  buried  in  sterile  sand 
in  Petri  dishes.  These  were  subjected  to  varying  temperature  conditions  as  in  ex- 
periment V.  Here,  too,  the  cooling  in  the  ice  box  and  alternate  cooling  and  warming 
had  no  beneficial  effect,  for  apothecia  were  first  produced  on  the  plate  placed  promptly 
under  a  bell  jar  under  room  temperature  conditions.  On  May  10  sclerotia  from  strain 
B  11  showed  two  large  apothecial  stalks  developing.  On  May  26,  in  addition  to  ma- 
ture apothecia  from  Bn  they  were  found  also  from  strains  B  1,  B  19,  B  21,  and  B  21C. 

In  this  case  mature  apothecia  were  produced  from  definite  single  coni- 
dium  strains  of  the  organism,  namely  B  n,  and  B  19,  under  sterile  con- 
ditions. 

Experiment  VII. — April  17.  A  large  number  of  sclerotia  from  castor-bean  inflo- 
rescences and  stalks  in  the  field  were  placed  in  sterile  sand  in  Petri  dishes  and  sub- 
jected to  varying  temperature.  As  in  experiments  V  and  VI  there  was  no  particular 
difference  in  apothecium  production  in  the  different  lots.  On  May  10,  plate  1,  placed 
at  once  under  warm,  moist  conditions,  showed  many  stalks  arising.  Plate  2,  placed 
first  in  the  ice  box  for  a  week  and  then  placed  with  No.  1 ,  also  showed  several.  Plate  3, 
in  a  covered  Petri  dish,  showed  two  or  three  on  May  17.  Evidently  the  lack  of  aeration 
had  inhibited  their  development  to  some  extent.  On  May  26,  Nos.  1  and  2  showed 
dozens  of  mature  apothecia,  which  were  used  to  swell  the  collection.  No.  3  as  well 
showed  several  mature  apothecia. 

At  the  same  time  that  these  sclerotia  were  started,  others  were  surface  sterilized  by 
momentary  immersion  in  95  per  cent  alcohol,  and  then  for  3  minutes  in  1  to  1,000 
mercuric  chlorid  followed  by  two  changes  of  sterile  water,  then  placed  on  a  corn-meal 
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agar  plate,  and  on  sterile  sand.  On  April  23  one  sclerotium  was  developing  conidia; 
on  May  10  conidia  were  developing  from  most  of  the  sclerotia;  and  on  May  26,  a  sclero- 
tium on  the  agar  was  developing  an  apothecium. 

Thus,  under  sterile  conditions,  the  apothecial  stage  was  produced  from 
field-borne  sclerotia. 

Experiment  VIII. — April  15.  A  large  number  of  sclerotia  from  the  field,  mostly 
from  Dr.  Howell's  place  at  Orlando,  Fla.,  were  placed  on  moist  sand  in  half-liter 
Erlenmeyer  flasks  and  subjected  to  a  variety  of  conditions. 

I.Iay  8.  Flask  No.  i,  placed  at  once  in  a  moist  chamber  in  the  laboratory,  showed 
apothecial  stalks  arising  from  two  or  three  sclerotia.  Flask  2,  which  had  been  placed 
out  of  doors  under  the  east  side  of  the  building,  where  it  was  subject  to  a  little  sunlight 
early  in  the  morning,  and  during  the  day  to  ordinary  daylight  conditions,  with  a 
temperature  fluctuating  from  rather  cool  at  night  (approximately  io°  C.)  to  rather 
warm  in  the  day  (approximately  270)  showed  several  small  apothecial  stalks  arising. 
Flask  4,  after  having  been  held  in  the  ice  box  for  a  week,  then  subjected  to  room  con- 
ditions, showed  dozens  of  stalks,  none  of  them  as  yet  mature. 

May  12.  Flask  No.  1  showed  many  well-formed  apothecia.  No.  2  showed  more  than 
a  dozen  short  stalks  with  well-formed  cups  nearly  mature.  No.  4  showed  many  well- 
formed  cups.  On  May  22  these  were  photographed  within  the  flask  (PL  11,  B), 
and  then  removed  still  attached  to  the  sclerotia  and  photographed  in  a  Petri  dish. 
(10,  PI.  XL).  Some  of  these  were  then  dried  in  the  sun,  and  others  were  preserved 
in  alcohol. 

May.  24.  Flask  No.  3,  which  had  been  held  thus  far  in  the  dark  under  conditions 
as  favorable  as  any  of  the  others  as  regards  moisture,  and  in  a  constant  warm  tempera- 
ture, without  a  sign  of  the  development  of  apothecia,  was  placed  out  of  doors  under 
the  east  side  of  the  house.  Almost  immediately  apothecial  development  began  to 
occur.  On  June  2,  eight  days  later,  several  apothecia  as  well  formed  as  in  No.  2  had 
arisen. 

This  experiment,  together  with  the  repeated  observation  that  had  been 
made  that  apothecial  stalks  were  distinctly  phototropic,  indicated  that 
light  is  one  of  the  essential  factors  for  the  production  of  apothecia  from 
sclerotia.  It  also  indicated  that  the  use  of  moist  sand  in  Erlenmeyer 
flasks  was  a  convenient  and  favorable  method  for  keeping  moisture  con- 
ditions right.  Thereafter  this  method  was  used  extensively  for  the  pro- 
duction of  apothecia. 

Experiment  IX. — May  28,  1919.  A  large  number  of  field  sclerotia  were  collected 
and  planted  upon  moist  sand  on  a  glass  plate  placed  upon  the  laboratory  table,  the 
whole  being  covered  with  a  bell  jar.  On  June  3,  six  days  later,  apothecial  stalks  are 
already  arising. 

The  development  being  so  much  quicker  in  this  case  than  ever  before 
indicates  a  marked  seasonal  influence.  Whether  this  consists  of  simply 
more  favorable  temperature  or  of  a  difference  in  light  duration  or  of 
some  other  factor  is  not  known. 

A  still  later  placing  of  sclerotia,  these  under  absolutely  pure  culture 
conditions,  the  sclerotia  having  been  derived  from  pure  cultures  and 
having  been  placed  on  sterile  sand,  was  examined  on  September  17. 
Apothecia  were  produced  in  abundance  from  sclerotia  of  strains  Bi, 
B  21,  B  35,  and  B  37,  the  two  latter  having  been  authentic  single  coni- 
dium  strains. 

Experiment  X. — About  the  middle  of  March  field  sclerotia  were  collected  and  sub- 
jected to  outdoor  conditions  in  a  variety  of  locations  in  an  attempt  to  produce  apothecia 
under  more  nearly  natural  conditions.  The  first  lot  of  sclerotia  was  placed  on  sand  in  a 
shallow  wooden  box,  which  was  subjected  to  moist  conditions  by  placing  on  a  thick 
bed  of  "Spanish  moss"  (Tillandsia  sp.)  kept  saturated  with  water,  and  covering  the 
whole  with  a  large  moist  chamber  built  of  window  sash.  On  April  21  it  was  noted  that 
this  was  becoming  very  hot  during  the  middle  of  the  day,  and  since  apothecia  had  not 
yet  been  produced,  the  box  of  sand  was  removed  and  placed  in  the  shade  of  some 
boxes  on  the  west  side  of  the  house  and  kept  moist  by  waterings  from  time  to  time. 
On  April  24  under  these  more  favorable  conditions,  temperature  apparently  being  a 
factor,  apothecial  stalks  began  to  form,  and  on  May  3  mature  apothecia  were  collected. 
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Lot  2  was  placed  on  sand  in  a  small  shallow  box  which  was  sunken  till  the  top  was 
flush  with  the  ground  under  the  east  edge  of  the  laboratory.  It  was  watered  occa- 
sionally, but  at  times  the  sand  was  quite  dry.  Finally,  on  May  10,  a  few  very  small 
apothecia  were  found. 

Lot  3.  On  April  15  field  sclerotia  were  placed  in  marked  locations  in  a  castor  bean 
field  under  natural  conditions.  On  June  2,  after  several  days  of  continuously  wet 
weather,  a  few  apothecia  were  found  to  have  developed. 

It  would  seem  that  a  moist  substratum  alone  is  not  sufficient  but  that 
also  a  moist  atmosphere  is  necessary  for  the  best  production  of  apothecia. 
It  would  also  seem  that  too  high  temperature  is  capable  of  inhibiting  the 
development  of  apothecia. 

Experiment  XI. — It  has  been  noted  in  experiment  III  that  single  ascospore  cul- 
tures from  second-generation  apothecia  had  been  made.  The  development  of  scle- 
rotia was  so  prompt  in  these  cultures  that  it  seemed  possible  to  place  these  sclerotia 
under  favorable  conditions  and  get  still  another  and  perhaps  several  more  generations. 
Early  in  July,  1919,  this  was  done.  Before  the  end  of  the  month  a  third  generation 
of  apothecia  was  produced.  A  mature  apothecium  was  laid  on  its  side  in  a  poured 
plate  of  clear  agar  and  left  several  hours.  When  the  cover  was  lifted  the  apothecium 
shot  forth  a  cloud  of  spores,  which  were,  of  course,  caught  on  the  surface  of  the  agar. 
Single  ascospores  were  isolated  and  further  cultures  started.  These,  too,  produced 
sclerotia  which  produced  another  crop  of  apothecia,  this  time  within  30  days  of  the 
time  the  single  ascospores  were  isolated.  Thereafter  this  process  was  continued,  at 
first  in  Florida  and  later  in  Washington,  D.  C,  whenever  time  permitted,  in  some 
cases  after  delays  of  several  months.  In  July,  1920,  the  eighth  consecutive  generation 
of  apothecia  was  produced,  but  there  was  then  no  opportunity  to  secure  single  asco- 
spore isolations.  This  was  accomplished  in  August.  At  the  same  time,  following  a 
suggestion  from  Prof.  W.  B.  Brierley,  of  the  Institute  of  Phytopathological  Research, 
Harpenden,  England,  who  was  then  a  visitor  in  America,  single  conidia  taken  from 
the  seventh -generation  single  ascospore  cultures  were  isolated  to  determine  whether 
they,  too,  could  develop  the  perfect  stage.  These  cultures  were  placed  in  racks  in 
the  laboratory.  After  three  months'  absence,  the  writer  returned  and  found  that 
many  of  the  tube  cultures,  both  single  ascospore  and  single  conidium,  had  produced 
apothecia  in  the  tubes.  These,  however,  had  shriveled  and  become  covered  with 
conidia  and  mycelium.  Consequently  in  November  new  single  conidium  isolations 
were  made.  In  addition,  castor  bean  plants  in  the  greenhouse  were  inoculated  with 
the  seventh-generation  strain,  the  typical  disease  was  produced,  and  single  conidium 
isolations  were  made,  directly  from  the  host.  At  this  time,  also,  mature  eighth- 
generation  apothecia  were  available,  and  single  ascospore  isolations  were  made  from 
them.  Transfers  of  all  three  strains  were  made  to  several  tubes  of  oatmeal  agar,  and 
in  due  time  an  abundance  of  sclerotia  developed.  On  December  15,  several  sclerotia 
were  transferred  from  each  lot  to  Erlenmeyer  flasks  of  moist  sand.  In  addition, 
sclerotia  that  had  been  collected  in  the  field  at  Orlando,  Fla.,  in  July,  1919,  were  placed 
under  like  conditions.  All  the  flasks  were  placed  in  the  greenhouse.  After  several 
weeks  an  examination  disclosed  that  every  one  of  the  four  strains  had  borne  mature 
apothecia. 

Thus  ninth-generation  apothecia  were  procured,  each  generation  after 
the  first  having  started  from  a  single  ascospore;  single  conidium  strains 
from  two  sources  both  produced  normal  apothecia;  and  field  sclerotia  a 
year  and  a  half  old  did  likewise.  All  four  strains  were  used  to  start  new 
single  ascospore  cultures  according  to  the  usual  method.  Plate  10,  C 
and  D,  were  taken  from  two  of  these  plates. 

Eventually  tenth-generation  apothecia  were  developed,  and  ascospores 
were  sown  and  isolated  from  them.  In  the  entire  series  there  appeared 
to  be  not  the  slightest  change  in  appearance  in  culture,  as  compared  with 
more  recent  isolations,  or  in  ability  to  develop  all  the  life-history  stages. 

INFLUENCE  OF  LIGHT   ON   APOTHECIUM  DEVELOPMENT 

In  all  this  work  the  conclusion  could  not  be  escaped  that  the  produc- 
tion of  apothecia  was  much  more  readily  accomplished  in  the  summer 
months  than  in  the  winter.     It  was  very  rarely  that  apothecia  were 
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produced  in  the  culture  tubes  themselves  in  the  winter  time,  whereas  in 
both  the  summers  of  19 19  and  1920  this  phenomenon  occurred  regularly. 
That  temperature  was  one  factor  involved  in  this  seems  evident,  for  the 
observation  was  made  repeatedly  that  at  the  lower  temperatures,  even 
with  good  light  and  moisture,  apothecium  production  was  slow  and  the 
stalks  were  abnormally  thin  and  the  cups  not  well  opened  out.  It  was 
evident  as  well  that  light  was  involved.  Preliminary  experiments  were 
started  in  November,  1920,  to  investigate  this  point  further. 

Experiment  XII. — November,  1920.  Mature  sclerotia  were  taken  from  several 
different  tubes  and  evenly  divided  between  two  250-cc.  Erlenmeyer  flasks,  each 
containing  100  gm.  of  sterile  sand  and  25  cc.  water.  Thus  the  conditions  were  as 
near  alike  as  possible.  One  of  the  flasks  was  then  wrapped  completely  in  black  paper. 
Both  were  placed  under  a  bell  jar  on  the  laboratory  table  with  a  dish  of  water  beneath 
in  order  to  keep  the  humidity  high.  A  60-watt  Mazda  light  was  placed  about  18 
inches  to  one  side  and  was  kept  lighted  every  night  for  several  weeks.  The  nearness 
of  the  light  was  adjusted  until  the  temperature  within  the  bell  jar  was  about  250  C, 
which  had  been  shown  to  be  the  optimum  for  development  of  the  fungus.  For  a 
long  time  no  development  occurred:.  After  two  months,  however,  numerous  apo- 
thecial  stalks  commenced  to  rise  from  the  sclerotia  in  the  flask  exposed  to  the  light. 
These  attained  considerable  length,  in  some  cases  at  least  2  cm.,  and  all  leaned  very 
strongly  toward  the  source  of  light.  None  of  them  opened  out  into  normal  apothecia, 
however.     In  the  dark  flask  no  development  whatever  occurred. 

Experiment  XIII. — December,  1920.  After  this  very  clear  demonstration  of  the 
influence  of  light  was  observed,  a  further,  more  extensive  series  was  started,  with 
the  cooperation  of  Mr.  H.  A.  Allard,  who  very  kindly  consented  to  the  use  of  his  con- 
trolled light  conditions  (p)  in  the  greenhouse  at  Arlington  Farm.  This  was  primarily 
a  length-of-day  experiment,  and  involved  the  turning  on  of  electric  lights  at  dusk  in 
the  evening,  leaving  them  on  long  enough  to  make  the  day  the  length  desired.  Lights 
of  different  intensities  were  used,  the  intensity  being  determined  by  the  nearness 
of  the  light  to  the  subjects  of  the  experiment.  Two  flasks  each,  prepared  as  described 
for  experiment  XII,  were  placed  under  four  different  conditions:  (1)  a  20-hour  day, 
the  source  of  added  light  being  small  Mazda  lamps  near  the  roof  of  the  greenhouse 
several  feet  away  from  the  flasks;  (2)  a  20-hour  day,  the  added  light  being  a  100-watt 
lamp  about  a  foot  distant  from  the  flasks;  (3)  a  20-hour  day,  with  a  100-watt  lamp 
about  3  feet  distant;  (4)  the  normal  day  for  that  time  of  year,  approximately  9  hours. 
In  addition,  a  flask  prepared  like  the  others  in  all  respects  was  covered  completely 
with  black  paper  to  shut  out  all  light.  Temperature  and  moisture  conditions  were 
as  nearly  alike  as  could  be  maintained  under  ordinary  greenhouse  management. 
The  sclerotia  in  the  different  lots  were  from  identical  sources,  and  included  some 
from  nature  as  well  as  from  artificial  cultures.  Observations  were  made  once  a  week, 
and  for  three  weeks  no  change  was  to  be  seen  in  any  of  the  flasks.  On  the  fourth 
week  one  flask  of  lot  3  showed  early  stages  of  apothecial  formation.  Six  weeks  after 
the  experiment  was  started  mature  apothecia  were  found  in  all  the  flasks  subject 
to  increased  day  length,  the  largest  and  best  specimens  being  found  in  lots  2  and  3, 
while  in  the  flask  under  ordinary  daylight  conditions  a  few  spindling  stalks  had  arisen, 
which  never  opened  out.  The  sclerotia  in  the  dark  container  had  not  developed 
the  slightest  suggestion  of  an  apothecial  stalk. 

This  experiment  again  shows  the  influence  of  light  on  the  germination 
of  sclerotia,  but  results  are  still  far  from  satisfactory.  The  normal 
summer  development  of  apothecia  was  not  even  approached  under  the 
artificial  conditions  that  prevailed.  It  is  to  be  hoped  that  some  more 
work  can  be  done  along  this  line. 

PERFECT  STAGE  IN  NATURE 

The  first  appearance  of  the  perfect  stage  under  altogether  natural 
conditions  was  not  observed  until  early  in  July,  19 19.  After  a  prolonged 
rainy  period  at  Orlando,  Fla.,  a  careful  examination  was  made  of  castor- 
bean  plants  and  of  the  ground  beneath  in  the  Boardman  field.  Several 
apothecia  were  found  arising  from  sclerotia  that  had  fallen  to  the  ground. 
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In  addition,  several  castor-bean  stalks  were  found  (July  21  and  Aug. 
1)  with  sclerotia  still  attached  producing  apothecia  in  great  abundance 
(PI.  6,  D).  It  has  been  seen  that  each  apothecium  is  capable  of  dis- 
charging spores  in  a  distinctly  visible  cloud.  It  is  clear,  therefore,  that, 
even  were  the  conidial  stage  not  capable  of  living  over  the  winter,  the 
apothecial  stage  thus  produced  would  be  capable  of  starting  an  abundance 
of  primary  infections. 

CONCLUSIONS   FROM    EXPERIMENTS 

These  experiments  and  observations  bring  out  the  following  points  of 
interest  in  connection  with  the  development  of  apothecia  of  this  organism 
under  controlled  conditions : 

(1)  Moisture.  Reasonably  moist  conditions  must  prevail,  both  in  the 
substratum  upon  which  the  sclerotia  are  resting  and  in  the  air  above. 

(2)  Temperature.  While  a  wide  range  of  temperature  will  permit  of 
their  development,  most  rapid  growth  occurs  under  fairly  warm  condi- 
tions, averaging  about  25 °  C.,  the  optimum  for  the  vegetative  growth  of 
the  organism. 

(3)  Aeration.  Provision  must  be  made  for  access  of  air  to  the 
sclerotia;  too  small  an  air  space  above  them,  as  for  instance  that  which 
would  be  found  in  a  covered  Petri  dish  is  not  as  favorable  as  a  greater 
amount,  other  things  being  equal. 

(4)  Light  appears  to  be  necessary,  both  as  an  initial  stimulus  and  for 
continued  normal  development;  those  developed  with  insufficient  light 
are  long,  slender,  and  irregular  and  do  not  open  up  normally. 

(5)  Subjecting  sclerotia  to  freezing,  drying,  or  an  extended  dormant 
period  previous  to  placing  them  under  favorable  conditions  does  not 
favor  apothecial  development. 

(6)  The  fungus  is  purely  homothallic.  Sclerotia  from  single  spore 
cultures  develop  apothecia  as  readily  as  do  those  from  mixed  strains. 

MORPHOLOGY  AND   PHYSIOLOGY  OF  THE  PERFECT    STAGE 

It  is  hard  to  distinguish  the  apothecium  macroscopically  from  that  of 
any  other  Sclerotinia.  It  is  smaller,  on  the  whole,  than  those  of  the 
well-known  forms  Sclerotinia  libertiana  and  S.  cinerea,  the  largest  seen 
having  a  disk  only  7  mm.  in  diameter;  the  stalk  normally  is  only  1  or  2 
cm.  long.  The  disk  or  cup  is  not  so  often  funnel-shaped  as  it  is  with  the 
other  two  forms,  but  it  is  more  frequently  opened  completely  or  even 
recurved,  as  shown  in  Plate  11,  C,  and  in  Plate  XL  of  the  writer's  earlier 
paper  (10).  The  color  is  that  of  most  Sclerotinias  and  varies  somewhat 
from  cinnamon  brown  to  chestnut  brown,  the  stalk  sometimes  being 
lighter,  sometimes  darker.  From  one  to  several  may  be  borne  upon  a 
single  sclerotium. 

Any  unfavorable  condition  that  may  arise  while  apothecia  are  forming 
may  cause  strange  abnormalities  in  their  structure.  They  often  fail 
entirely  to  open  out,  the  tip  being  tubular  for  a  short  distance  back. 
Such  forms  have  no  normal  asci,  but  rather  hyphal  tips  resembling  the 
ordinary  paraphyses.  Another  abnormality  that  has  been  observed 
after  a  temporary  check  in  the  growth  of  an  apothecium  has  been  a 
division  near  the  tip  into  several  distinct  cups.  Sometimes  these  have 
failed  to  mature,  and  again  they  have  developed  several  normal  mature 
ascus-producing  disks.  Plate  11,  D,  shows  an  apothecial  stalk  with 
five  distinct  disks. 
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The  discharge  of  spores  from  an  apothecium  was  repeatedly  observed. 
This  appears  to  be  brought  about  by  a  sudden  change  in  the  humidity 
surrounding  them.  When  a  good  "crop"  of  apothecia  have  reached 
maturity  in  one  of  the  flasks,  as  shown  in  Plate  n,  B,  or  in  any  other 
moist  chamber  in  which  they  have  developed,  opening  the  chamber 
to  the  air  by  removing  the  stopper  or  otherwise  will  result  in  the  sudden 
discharge  of  a  cloud  of  spores.  This  phenomenon  may  not  be  observed 
again  until  the  chamber  has  been  closed  for  several  hours  and  again 
opened,  when  it  will  be  repeated. 

Many  ascospore  isolations  were  made  by  placing  a  mature  apothecium 
on  its  side  on  a  poured  plate  of  clear  agar  with  the  disk  facing  the  center. 
When  the  apothecium  is  left  there  for  a  few  hours,  the  removal  of  the 
cover  causes  the  sudden  discharge  of  ascospores,  which  may  be  carried 
the  full  width  of  the  plate.  After  such  an  occurrence  the  deposit  of 
spores  can  sometimes  be  clearly  seen  with  the  naked  eye  on  the  surface 
of  the  agar,  so  thick  are  they.  Microscopic  examination  of  one  such 
plate  disclosed  the  interesting  fact  that  often  all  eight  spores  from  a 
single  ascus  when  discharged  clung  together  as  if  in  a  gelatinous  matrix. 
Large  areas  on  the  plate  were  covered  with  groups  of  eight  spores. 
Plate  10,  D,  is  a  photomicrograph  taken  with  a  Zeiss  2. 5 -mm.  water- 
immersion  objective  placed  directly  over  one  of  these  areas  on  the 
plate.  Ascospore  discharge  also  takes  place  either  intermittently  or  the 
spores  may  be  scattered  when  ejected,  for  spores  may  be  found  on  the 
plate  either  singly  or  in  groups  of  two  or  three.  By  examining  the 
plate  through  the  bottom  with  a  low-power  objective  near  the  edge  of 
the  wedge-shaped  atea  in  front  of  the  disks,  it  is  an  easy  matter  to  locate 
as  many  spores  as  may  be  desired  and  mark  them  for  transfer  to  another 
plate  or  a  tube. 

Ascospore  germination  takes  place  very  quickly  on  a  plate  of  agar. 
Normally  it  is  by  the  production  of  a  germ  tube  which  continues  to  grow 
vegetatively  until  conidiophores  arise,  and  the  gray  mold  stage  is  formed, 
which  is  usually  within  36  hours.  In  one  case,  when  such  a  plate  as  the 
one  just  described  was  held  in  the  ice  box  over  night,  it  was  observed 
that  microconidia  were  being  produced  on  the  ends  and  sides  of  compara- 
tively short  germ  tubes.  This  condition  is  pictured  in  Plate  10,  C. 
The  microconidia  continued  to  develop  during  the  day,  a  succession  of 
them  being  borne  on  the  end  of  a  single  conidiophore,  until  quite  a  group 
of  them  were  to  be  seen.  In  no  case  could  germination  of  microconidia 
be  seen.  The  same  plate  shows  normal  germination  of  ascospores  by 
germ  tubes.  This  is  also  shown  in  various  stages  in  Plate  12,  H  and  I, 
which  consists  of  camera-lucida  drawings  of  spores  from  which  the 
first  ascospore  cultures  were  derived. 

DESCRIPTION   OF  THE   FUNGUS 

For  the  convenience  of  the  reader  the  complete  description  of  the 
fungus,  as  published  in  1919  (jo),  is  repeated  here. 

SCIvEROTlNIA   RICINI 

Apothecia  one  to  several  from  a  single  sclerotium,  5  to  30  mm.  high,  usually  6  to 
15  mm.,  infundibuliform  to  cyathiform  and  discoid,  long  stipitate,  cinnamon  brown 
to  chestnut  brown;  stalk  concolorous,  cylindrical,  slender,  smooth,  flexuous,  attenu- 
ated below,  without  rhizoids;  disc  at  first  closed,  expanding  to  saucer- shaped  with 
margin  sometimes  recurved,  exterior  roughened,  1  to  7  mm.  in  diameter,  usually  1.5 
to  4  mm.;  asci  cylindrical  to  cylindro-clavate,  apex  slightly  thickened,  opening  by 
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a  pore,  50  to  no  it  by  6  to  10  it,  usually  80  to  100  n  by  8  it;  ascospores  8,  ellipsoidal, 
often  sub-fusoid,  hyaline,  continuous,  bi-guttulate,  9  to  12  /x  by  4  to  5  it;  paraphyses 
abundant,  filiform,  septate,  hyaline,  1.5  to  2  it  in  diameter.  Conidial  stage  (Botrytis 
sp.)  forming  widespreading  cobwebby  or  somewhat  woolly  mass,  pale  drab-gray  to 
drab,  dried  specimens  dark  olive-gray;  sterile  hyphae  procumbent,  hyaline,  many- 
septate,  often  vacuolate,  frequently  anastomosing;  fertile  hyphae  long,  slender,  smooth, 
slightly  constricted  at  the  base,  olivaceous  when  mature,  dichotomously  branched, 
terminal  branching  compact,  apices  noninflated,  thin-walled,  collapsing  when  the 
conidia  fall;  proliferation  sometimes  occurring;  conidia  borne  on  sterigmata,  globose, 
smooth,  hyaline,  6  to  12  it,  usually  7  to  10  it,  compactly  grouped ;  microconidia  globose, 
hyaline,  2  to  3.5  tt,  borne  apically  on  short,  obclavate,  single  or  clustered  conidio- 
phores  that  develop  on  the  sides  of  hyphae  or  on  tips  of  special  branches;  appressoria 
rare,  microscopic,  20  to  60  tt  across  base.  Sclerotia  black,  rough,  elongate,  irregular, 
1  to  25  mm.  in  length,  usually  3  to  9  mm.,  suberumpent  to  superficial,  often  anasto- 
mosing, developing  on  axes  and  peduncles  of  old  castor  bean  inflorescences  and  on 
stalks. 

Parasitic  on  Ricinus  communis,  usually  on  inflorescences,  also  on  stems  and  leaves; 
type  locality,  Orlando,  Fla.;  distribution  Florida,  Mississippi,  Louisiana,  Texas,  and 
Cuba.  Type  specimens  deposited  with  the  Office  of  Pathological  Collections,  Bureau 
of  Plant  Industry,  U.  S.  Department  of  Agriculture,  Washington,  D.  C. 

ORIGIN   OF  THE   PATHOGENE 

Early  in  the  progress  of  the  disease  it  was  suspected  that  the  patho- 
gene  had  been  introduced  with  the  seed.  This  was  not  proved  abso- 
lutely for  some  time,  but  much  evidence  pointed  in  that  direction. 
For  example,  the  disease  was  found  in  nearly  every  field  where  Bombay 
seed  had  been  planted,  provided  the  climatic  conditions  were  favorable 
for  the  development  of  the  fungus.  One  such  field  was  at  Baton  Rouge, 
La.  A  field  planted  to  American-grown  seed  only  a  mile  or  two  away 
was  not  attacked.  Native  castor  beans  had  been  grown  for  years  in 
Florida  without  any  report  of  it,  and  in  1918  they  were  not  affected  until 
late  in  the  season.  Much  evidence  was  found  in  connection  with  seed 
produced  in  diseased  fields  in  America.  The  fungus  was  capable  of 
living  over  for  a  long  period  on  the  seed.  On  October  30,  191 8,  speci- 
mens were  collected  at  Alvin,  Tex.  The  fungus  was  readily  isolated, 
and  some  of  the  material  was  laid  away  in  a  sealed  envelope.  Two 
months  later  the  fungus  was  again  isolated  from  this  same  material. 
On  October  25,  waste  from  a  hulling  plant  at  Plant  City,  Fla.,  including 
some  light-weight  beans,  was  collected.  Two  weeks  at  least  must  have 
elapsed  since  the  beans  were  harvested.  The  material  was  placed  in  a 
sealed  envelope.  Six  months  later  the  fungus  was  isolated  from  this 
material.  Plate  7,  D,  shows  the  development  of  the  fungus  on  one  of 
the  castor  beans  in  a  poured  plate  of  nutrient  agar.  Finally,  sclerotia 
17  months  old  developed  the  apothecial  stage.  This  shows  that  sclerotia 
carried  with  the  seed  are  able  to  reproduce  the  disease  even  after  a  long 
period. 

In  addition,  many  observations  showed  the  close  contact  of  the  fungus 
with  the  developing  seed  pods  in  diseased  spikes.  A  castor  bean  reaches 
full  size  long  before  it  is  matured.  It  is  then  soft  and  very  succulent  and 
the  caruncle  is  prominent,  as  shown  in  Plate  7,  A.  In  such  condition 
it  offers  no  resistance  to  the  penetration  of  the  fungus.  Plate  7,  B, 
shows  a  seed  in  its  pod  with  the  mold  growing  out  of  the  caruncle  and 
even  the  seed  coat;  C  shows  several  such  seed  with  the  gray  mold  dis- 
tinctly visible;  E  shows  several  seed  which  had  been  attacked  before 
maturity,  with  sclerotia  attached  to  the  seed  coat  and  the  remains  of 
the  pods.  These  specimens  were  collected  under  natural  conditions  in 
diseased  castor  bean  fields. 
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The  writer  did  not  have  an  opportunity  to  study  the  original  imported 
seed  until  well  into  the  winter.  Then  repeated  attempts  were  made  to 
isolate  the  organism,  without  success.  H.  E.  Stevens,  of  the  Florida 
Experiment  Station,  however,  working  on  this  phase  of  the  problem 
earlier  in  the  fall,  succeeded  in  isolating  the  causal  organism  from  samples 
of  the  imported  seed.  (Letter  of  May  9,  191 9.)  He  planted  them  on 
sterilized  sand,  and  on  a  few  seed  the  gray  mold  developed.  Later,  the 
writer  made  a  final  examination  of  some  of  the  Bombay  seed  in  one  of 
the  original  bags,  and  a  single  small  sclerotium  was  found.  This  was 
planted  on  a  plate  of  moist  sand  under  a  bell  jar,  and  eventually  an 
apothecium,  the  perfect  stage  of  the  fungus,  developed. 

Letters  written  to  pathologists  in  India  were  at  first  not  completely 
satisfactory  in  leading  to  the  solution  of  the  origin  of  the  fungus,  the 
earlier  replies  stating  that  it  was  not  known  there.  A  subsequent  letter 
from  J.  F.  Dastur,  dated  February  15,  1921,  brought  word  that  the 
disease  had  been  found  in  Mysore,  South  India,  and  was  under  investi- 
gation by  one  of  the  plant  pathologists.  More  recently  (Aug.  13,  1921)  a 
culture  was  received  from  India.  This  culture  contained  only  conidia, 
which  in  form  and  size  appeared  to  be  identical  with  the  American  form. 
Later  appearances  in  culture,  however,  throw  some  doubt  on  its  identity 
with  our  organism.  In  oatmeal  agar  the  sclerotia  are  not  so  abundant, 
conidia  are  fewer,  conidiophores  not  so  definitely  dichotomous,  and  the 
development  of  white  mycelium  is  greater.  No  perfect  stage  has  devel- 
oped for  final  comparison.  In  spite  of  this  possible  discrepancy,  the 
evidence  is  very  strong  that  the  pathogene  came  from  India  to  this 
country  along  with  the  seed.  The  fact  that  it  has  been  discovered  there 
only  recently,  if  at  all,  is  especially  interesting,  in  that  it  appears  to 
present  one  more  case  of  an  introduced  parasitic  fungus  being  more 
serious  in  its  new  habitat  than  in  its  old. 

INOCULATION   EXPERIMENTS 

Field  observations  made  the  first  year,  in  the  course  of  surveys  in  the 
South,  made  it  clear  that  for  successful  inoculations  a  prime  requisite 
would  be  moisture.  After  a  few  preliminary  inoculations  it  became  evi- 
dent that  an  abundance  of  moisture  was  necessary  not  only  for  primary 
infection  to  take  place  but  for  the  disease  to  develop  in  the  host,  even 
after  the  fungus  had  penetrated  into  the  interior.  The  first  inoculations 
were  made  on  seedlings  by  applying  the  fungus  along  with  some  of  the 
culture  medium  to  different  parts  of  the  plant,  without  injury,  and  then 
covering  with  a  bell  jar.  This  resulted  almost  invariably  in  success. 
Within  24  hours  positive  infections  became  evident.  Plate  8,  B,  shows 
distinct  lesions  on  a  young  seedling,  produced  by  artificial  inoculation 
in  the  Cornell  University  plant  pathological  greenhouse,  in  January,  19 19. 
Other  inoculations  made  at  the  same  time  consisted  in  the  application  of 
conidia  to  young  growing  leaves.  These  were  successful  unless  the  plants 
became  dry  during  the  incubation  period  of  the  fungus.  Material  of 
plants,  particularly  leaves,  thus  infected,  was  fixed  for  later  histological 
work  to  determine  the  manner  of  penetration  of  the  fungus  into  the  host. 
Castor  bean  seeds  were  also  sterilized  in  calcium  hypochlorite,  after  the 
method  described  by  Wilson  (^j),  and  planted  in  large  10-inch  tubes  of 
synthetic  agar,  with  the  result  that  about  a  dozen  castor  bean  plants  in 
pure  culture  were  secured.  Inoculations  were  later  made  on  these  with 
resulting  rapid  infections. 
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Most  of  the  inoculations  were  made,  however,  at  Orlando,  Fla.,  on 
developing  inflorescences  of  large  growing  plants.  Since  the  nature  of 
the  plant  demanded  special  methods,  these  will  be  given  in  detail.  The 
method  most  used  was  one  obtained  from  J.  R.  Winston,  who  used  it 
extensively  in  his  work  on  citrus  diseases.  For  an  inoculation  chamber  a 
sheet  of  ordinary  waxed  paper  was  used.  First  a  wad  of  cotton  was 
wetted  and  wound  about  the  base  of  the  inflorescence  to  supply  moisture. 
Then  the  inoculum  was  applied  in  the  particular  form  to  be  tested,  and 
the  whole  was  promptly  covered  with  the  waxed  paper  in  the  manner 
depicted  in  Plate  8,  A.  First,  the  sheet  was  folded  lengthwise  about  the 
stem,  and  the  vertical  edges  were  brought  together  and  folded  twice 
with  narrow  folds  and  creased  firmly.  Then  the  upper  part  was  folded 
down  and  brought  around  the  stem  and  held  tightly  in  place  with  one  or 
two  ordinary  paper  clips.  In  this  way  a  tight  moist  chamber  was  secured 
in  a  very  short  time.  It  was  thrown  away  at  the  end  of  the  desired  incu- 
bation period. 

For  inoculations  with  ascospores,  it  was  necessary  to  be  absolutely  sure 
that  no  conidia  were  present.  A  few  preliminary  tests  on  plants  under 
natural  conditions  made  it  evident  that  it  would  be  difficult  with  ordinary 
methods  to  insure  sterility  of  parts  of  the  plant  to  be  inoculated.  A  waxy 
bloom  covered  practically  the  whole  plant,  and  particularly  the  inflores- 
cence and  prevented  the  spread  of  solutions  of  mercuric  chlorid  applied 
for  the  purpose  of  sterilizing  the  surface.  This  difficulty  was  overcome  by 
using  this  sterilizing  agent  in  solution  in  35  or  40  per  cent  alcohol. 
Immediate  and  complete  contact  was  obtained  in  this  way,  and  it  was 
determined  that  20  seconds'  immersion  would  not  injure  the  plant.  This 
treatment  was  followed  immediately  by  dipping  the  part  treated,  usually 
the  inflorescence,  into  freshly  drawn  tap  water,  which  removed  the  alcohol 
and  mercuric  chlorid,  and  left  the  plant  evenly  wetted,  an  additional 
advantage  when  it  came  to  applying  the  inoculum. 

In  May,  19 19,  no  natural  infection  had  as  yet  become  evident  in  the 
experimental  plantings  near  the  laboratory  at  Orlando,  Fla.,  where 
inoculations  were  made.  Conditions  were  the  better,  therefore,  for 
reliable  results.  A  series  of  10  inoculations,  with  an  equal  number  of 
controls,  was  made  on  castor  bean  spikes  in  different  stages  of  develop- 
ment after  the  methods  outlined  above.  The  plants  were  not  sterilized. 
Conidia  from  young  cultures  in  Petri  dishes  were  used  for  most  of  the 
inoculations.  Transfers  containing  mycelium  and  some  of  the  culture 
medium  were  used  in  others.  Eight  of  the  10  inoculated  flower  clusters 
showed,  at  the  end  of  48  hours,  definite  signs  of  infection.  The  two  fail- 
ures had  dried  out,  owing  to  insufficient  sealing  of  the  paper  moist 
chamber.  None  of  the  controls  were  infected.  Typical  inoculated  in- 
florescences, removed  from  the  plants  and  placed  in  flasks  of  water  under 
bell  jars  in  the  laboratory,  developed  a  heavy  growth  of  gray  mold  very 
similar  to  its  appearance  in  nature.  Those  left  exposed,  out  of  doors, 
failed  to  progress.  The  rainy  season  had  not  yet  started  sufficiently  to 
develop  and  spread  the  disease. 

Several  more  inoculations  were  made  at  this  time,  with  different  strains 
of  the  organism,  including  reisolations  from  previous  inoculations  and 
cultures  derived  from  ascospores.  Practically  all  of  them  were  successful, 
and  the  controls  remained  healthy. 

On  May  20,  inoculations  were  made  with  ascospores  as  follows:  Several 
apothecia  were  crushed  in  sterile  water  and  the  resulting  suspension  of 
ascospores,  asci,  etc.,  were  applied  to  castor  bean  inflorescences  not  pre- 
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viously  sterilized  in  small  drops  with  a  platinum  loop  and  in  considerable 
quantities  by  pouring  it  into  the  spike.  Seven  inoculations  were  made. 
Two  only  were  successful,  those  in  which  the  inoculum  was  applied  by 
pouring.  Isolations  made  from  the  infected  spots  produced  typical 
Botrytis  in  pure  culture.  On  May  24  a  further  ascospore  inoculation  was 
made.  A  potted  plant  was  secured,  the  large  interfering  leaves  were 
removed,  and  a  half-grown  inflorescence  was  sprayed  with  sterile  water. 
An  Erlenmeyer  flask  containing  a  large  number  of  mature  apothecia  was 
now  taken,  the  stopper  was  removed,  and  the  resulting  cloud  of  discharged 
ascospores  was  blown,  with  the  aid  of  a  rubber  tube  which  had  been 
immediately  inserted  into  the  flask,  upon  the  wet  spike,  which  undoubtedly 
caught  thousands  of  them.  The  inflorescence  was  then  covered  in  the 
usual  way  for  48  hours.  On  May  26  infection  was  evident  on  two  or  three 
male  buds.  One  of  them  was  removed  and  the  surface  sterilized,  then 
used  to  inoculate  a  poured  plate  of  agar,  with  a  resulting  development  of 
Botrytis  stage  of  Sclerolinia  ricini.  The  inoculated  spike  was  then  cut 
from  the  plant  and  placed  in  a  moist  chamber.  In  three  or  four  days  a 
copious  development  of  the  typical  gray  mold  occurred.     (See  PI.  3,  C.) 

The  writer  was  absent  from  the  station  during  the  month  of  June,  and 
when  he  returned  in  July  all  his  experimental  plantings  were  scatteringly 
infected.  This  naturally  made  any  further  inoculations  more  or  less 
uncertain,  for  it  was  impossible  to  determine  in  advance  whether  or  not  an 
apparently  clean  spike  had  been  previously  infected.  However,  early  in 
September  a  few  more  ascospore  inoculations  were  made,  this  time  by 
placing  well-developed  apothecia  directly  into  the  sterilized  and  washed 
inflorescences  in  marked  locations,  holding  them  in  place  with  paste  and 
covering  with  waxed  paper.  Six  cases  out  of  10  inoculated  showed  infec- 
tion after  the  usual  two  days,  traceable  apparently  to  the  apothecia.  Two 
showed  infection  appearing  elsewhere  than  near  the  applied  apothecia, 
and  2  out  of  6  controls  were  infected.  The  results  of  these  inoculations 
therefore  would  be  more  or  less  unreliable  were  it  not  for  the  fact  that 
subsequent  examination  showed  penetrating  hyphae  directly  traceable  to 
germinating  ascospores. 

At  this  time  also  a  considerable  number  of  spikes  were  inoculated  with 
conidia,  and  material  was  fixed  at  different  periods  for  histological  study. 

HISTOLOGICAL  STUDIES 

It  has  been  mentioned  in  various  parts  of  this  paper  that  materials  were 
fixed  and  embedded  for  later  histological  work.  The  first  consideration 
was  to  determine  the  manner  of  host  penetration.  A  large  amount  of 
material  was  secured  for  this  purpose,  both  from  seedling  inoculations  at 
Cornell  University,  Ithaca,  N.  Y.,  and  from  field  inoculations  at  Orlando, 
Fla.  Material  was  fixed  at  different  periods  after  spore  inoculations  in 
Fleming's  weak  killing  fluid.  The  different  lots  of  material  were  washed 
and  run  up  to  70  per  cent  alcohol  in  the  field  and  held  there  for  several 
months,  then  embedded  in  paraffin  at  Washington,  D.  C,  during  the 
winter  of  1919-20.  Several  different  kinds  of  differential  stains  were 
tried,  but  best  results  were  secured  with  Pianeze  Illb  (21)  and  with 
Fleming's  triple  stain. 

Early  stages  of  penetration  appeared  to  be  practically  identical  with 
those  pictured  by  Blackman  and  Welsford  (1)  for  Botrytis  cinerea.  The 
leaves  of  plants  grown  in  pure  culture  in  10-inch  culture  tubes  on  synthetic 
agar  were  inoculated  by  applying  conidia  thickly  on  the  surface.     Mate- 
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rial  fixed  24  hours  after  inoculation  showed  abundant  spore  germination 
and  early  stages  of  penetration  before  there  was  any  indication  of  injury 
to  the  parts  inoculated.  Actual  penetration  of  the  cuticle  was  accom- 
plished, as  in  the  case  of  B.  cinerea,  by  a  fine  peglike  projection  from  the 
point  of  contact  of  the  developing  germ  tube.  Plate  13,  A  to  H,  shows 
camera-lucida  drawings  of  5  to  7  n  sections  of  castor  bean  leaves,  showing 
hyphae  penetrating  the  cuticle.  No  attempt  was  made  to  demonstrate 
muscilaginous  substance  at  the  point  of  contact  of  the  germ  tube.  Aftet 
penetration  of  the  cuticle  was  accomplished,  the  fungus  advanced  quickly 
into  the  host,  and  breakdown  and  disorganization  of  the  host  tissue  was 
rapid  and  complete.  The  cuticle  remained  a  barrier  to  easy  penetration 
of  other  hyphae  for  some  time,  however.  Sections  of  materials  fixed  48 
hours  after  inoculation  showed  a  tangled  web  of  germ  tubes,  with  abund- 
ant production  of  appressoria  and  distinct  indentations  below  many  of 
them,  indicating  marked  mechanical  pressure.  Plate  9,  A  and  B,  shows 
such  indentations.  The  disorganization  of  the  host  tissue  beneath,  with 
consequent  loss  of  turgor,  has  permitted  deeper  indentation  than  occurs 
with  initial  penetration.  The  tangled  web  of  hyphae  of  germinating 
spores  which  is  very  evident  in  the  figures  would  seem  to  be  in  itself  a 
factor  in  withstanding  the  backward  pressure  exerted  by  a  penetrating 
tip.  These  sections  were  very  thick,  approximately  25  ji,  and  were 
photographed  to  show  the  abundance  of  hyphae  and  their  apparent 
pressure  on  the  host,  in  this  case  a  male  blossom  bud.  Plate  9,  C,  shows 
hyphae  of  the  fungus  within  such  a  male  blossom  bud  and  the  complete 
disorganization  of  host  tissue. 

Sections  of  nectaries  from  a  castor-bean  inflorescence  showed  the  pro- 
tective cuticle  to  be  continuous  over  its  entire  surface.  The  cuticle 
appeared  in  some  cases  to  be  even  thicker  over  the  nectary  than  over  the 
surrounding  parts  of  the  host,  but  there  is  no  evidence  for  a  conclusion 
that  this  had  any  influence  on  the  comparative  freedom  of  nectaries  from 
primary  infections. 

The  fact  that  the  seeds  are  important  carriers  of  the  pathogene  has 
already  been  mentioned.  Many  observations  were  made  of  the  presence 
of  the  mold  on  and  within  the  seed.  Plate  7,  B  and  C,  shows  the  mold 
itself  growing  on  the  caruncle  of  castor  bean  seed.  The  mold  was  often 
seen  growing  over  immature  pods  and  penetrating  them.  Such  materials 
were  fixed  and  embedded,  and  the  presence  of  hyphae  of  the  fungus  was 
demonstrated  with  differential  stains.  Since  such  seed  may  reach  the 
size  and  appearance  of  maturity,  it  is  evident  that  the  fungus  may  be 
carried  by  this  means,  along  with  healthy  seed. 

HOST  LIMITATIONS  OF  THE  FUNGUS 

One  of  the  first  considerations,  when  it  was  determined  that  the  gray 
mold  was  a  new  organism  in  America,  was  to  determine  whether  or  not  it 
might  prove  to  be  a  danger  to  other  crops.  At  Cornell  University,  in 
January,  19 19,  a  number  of  plants  that  were  available  were  inoculated 
under  exactly  the  same  conditions  that  were  given  the  castor  beans 
inoculated  successfully  at  the  same  time.  The  common  geranium 
{Pelargonium  sp.)  was  more  severely  infected  than  any  of  the  others. 
The  growing  point  of  the  plant  was  entirely  killed,  and  several  of  the 
younger  leaves  were  attacked  at  their  margin  (PI.  8,  C).  The  organism 
continued  to  spread  as  long  as  moisture  conditions  were  kept  favorable. 
Reisolations  were  made  and  identified.     As  soon  as  the  moist  inoculation 
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chamber  was  removed  the  disease  stopped  progressing,  as  it  did  with 
the  castor  bean  plants.  Besides  the  geranium,  eggplant  (Solatium 
melongena  Linn.)  seedlings  became  very  slightly  infected.  Among  the 
plants  that  were  entirely  unaffected  by  the  organism  were  tomato, 
onion,  snapdragon,  sunflower,  string  bean,  tobacco,  and  lettuce. 

In  Florida,  during  the  season  most  favorable  for  infection,  a  few  other 
plants  belonging  to  the  Euphorbiaceae,  the  family  to  which  the  castor 
bean  belongs,  were  inoculated  under  the  same  conditions  as  those  given 
castor  beans.  Plants  inoculated  were  five  or  six  each  of  Jatropha 
(Jatropha  sp.),  Cassava  (Manihot  ultilissima  Pohl.),  and  Poinsettia 
(Euphorbia  pulcherrima  Willd.).  Slight  but  definite  and  characteristic 
lesions  were  produced  on  all  of  these,  but  in  no  case  did  the  organism 
spread  sufficiently  to  indicate  that  it  might  ever  become  active  as  a  para- 
site on  any  of  them.  At  the  same  time  geranium  plants  were  inocu- 
lated, and  with  similar  results.  All  the  lesions  dried  up  after  moist 
chambers  were  removed,  even  though  castor  beans  in  the  field  were 
meanwhile  actively  attacked. 

Throughout  the  summers  of  191 8  and  1919,  during  the  course  of  sur- 
vey trips  through  the  various  infected  localities,  a  close  watch  was  kept 
on  all  manner  of  vegetation  in  the  vicinity  of  diseased  castor  bean  fields 
for  possible  natural  infection.  Other  than  castor  beans  no  diseased 
plants  were  found  for  which  the  castor  bean  gray  mold  was  responsible. 
The  writer  considers  it  safe  to  state  that  in  his  opinion  the  gray  mold 
organism,  fatal  as  it  is  to  the  castor  bean  crop,  need  not  be  considered  a 
menace  to  any  other  crop.  It  appears  to  be  very  narrow  in  its  host 
limitations. 

VARIETAL  SUSCEPTIBILITY 

In  order  to  make  a  test  for  possible  varietal  resistance,  a  collection  of 
as  many  different  varieties  of  castor  beans  as  possible  was  made  during 
the  winter  of  191 8-19.  These  consisted  principally  of  varieties  grown 
by  the  Office  of  Drug  and  Poisonous  Plant  Investigations  of  the  Bureau 
of  Plant  Industry,  at  Florence,  S.  C.  Twenty  varieties  were  obtained. 
These  were  supplemented  by  typical  "Palma  Christi"  and  a  few  selec- 
tions of  what  appeared  to  be  distinct  varieties  from  the  miscellaneous 
assortment  included  in  the  Bombay  seed.  They  were  planted  in  a  field 
surrounded  by  an  abundance  of  infective  material.  Results  were  not  as 
satisfactory  as  might  have  been  wished,  owing  to  a  number  of  adverse 
circumstances,  but  general  conclusions  can  be  drawn.  Plants  of  the 
more  ornamental  type,  with  stalk,  foliage,  and  sometimes  pods  in  dif- 
ferent shades  of  red  or  reddish  green,  were  the  most  resistant,  the  pods 
especially  being  coarser  and  obviously  tougher.  All  the  smaller,  many- 
branched  plants,  which  by  their  yield  indicated  commercial  possibilities, 
showed  high  susceptibility  to  the  disease.  Many  of  them  at  the  close  of 
the  season  had  as  high  as  90  per  cent  of  the  inflorescences  affected,  and 
practically  all  over  50  per  cent.  Cross  pollination  in  a  castor-bean  field 
probably  occurs  very  extensively.  It  would  require  years  of  work  to 
develop  pure  strains  and  then  to  select  and  breed  for  desirable  qualities 
combined  with  resistance  before  permanent  results  in  the  way  of  control 
could  be  secured. 

CASTOR  BEAN  HULLS  FOR  FERTILIZER 

Castor  bean  hulls  have  a  high  potash  content,  consequently  there  was 
considerable  agitation  during  the  winter  following  the  harvesting  of  the 
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191 8  crop  for  their  use  as  fertilizer.  The  one  objection  to  this  procedure, 
in  case  castor  beans  had  become  a  staple  crop,  would  have  been  the  wide- 
spread distribution  of  the  gray  mold  that  might  have  followed.  This 
danger  might  have  been  overcome  by  grinding  the  hulls  and  mixing  them 
with  acid  phosphate  and  other  ferilizers  at  the  fertilizer  plants.  The 
close  contact  of  the  hulls  to  the  strong  acid  of  the  fertilizer  would  possibly 
have  quickly  killed  the  fungus.  No  investigations  to  check  this  up  were 
undertaken,  however. 

CONTROL  EXPERIMENTS 

Various  plantings  of  castor  beans  were  made  in  the  spring  of  19 19  on 
different  areas  of  vacant  ground  at  Orlando,  Fla.  The  sites  were  chosen 
particularly  with  reference  to  proximity  to  infected  fields  of  the  previous 
season's  growth.  Lot  A  consisted  of  an  area  of  about  l/2  acre  cut  out  in 
the  middle  of  a  large  field  which  had  been  badly  diseased  in  19 18.  The 
soil  was  a  fertile  "hammock-land"  type,  bordering  one  of  the  numerous 
small  lakes  in  the  vicinity  of  Orlando.  It  required  no  fertilization  but 
was  prepared  by  first  pulling  up  and  clearing  away  the  remains  of  last 
year's  plants,  then  simply  plowing  and  harrowing.  This  was  done  the 
last  week  in  February.  The  field  was  divided  into  1/10-acre  sections  for 
convenience,  and  plantings  were  made  of  various  lots  of  seed  during  the 
first  week  in  March.  A  frost  the  night  of  April  2  killed  many  of  the 
plants  which  were  well  up,  so  a  day  or  two  later  replantings  were  made, 
these  being  final.  Lot  B  consisted  of  a  portion  of  a  lot  50  by  150  feet, 
approximately  14  m^e  from  Lot  A,  which  was  the  nearest  of  last  year's 
plantings.  Lot  C  consisted  of  another  piece  of  ground  at  a  distance  of 
approximately  %  mile  from  the  first  field,  covering  an  area  200  by  150  feet 
in  dimensions.  This  was  upon  sandy  soil  and  required  considerable 
fertilizer.  Plate  2,  A,  is  a  general  view  of  this  field  upon  which  the  greater 
part  of  the  control  experimental  work  was  conducted. 

During  the  summer  of  19 18,  when  the  disease  appeared  at  its  height, 
the  standard  fungicide,  Bordeaux  mixture,  was  recommended  provi- 
sionally as  a  possible  means  of  control  {16,  iy).  This  spray  has  been 
recommended  more  or  less  extensively  for  that  type  of  trouble,  as  for 
instance  by  Stevens  and  Hall  {15)  for  Botrytis  diseases  (Botryose)  in 
general.  As  a  rule,  however,  the  only  practicable  means  for  controlling 
Botrytis  diseases  of  crops  appears  to  be  the  application  of  sanitary 
measures,  namely,  the  destruction  of  diseased  parts  and  of  diseased 
plant  debris  and  thinning  or  otherwise  improving  ventilation  and  doing 
away  with  excessively  moist  conditions.  It  seemed  advisable  to  give 
fungicide  application  a  thorough  trial  for  this  disease,  however,  and  this 
was  done  in  lot  C  during  the  summer  of  1919. 

A  few  preliminary  experiments  pointed  out  as  a  method  of  procedure 
the  following :  The  portion  of  the  field  to  be  tested  was  divided  into  four 
sections,  each  containing  nine  150-foot  rows.  These  four  sections  were 
to  be  treated,  respectively,  with  (1)  Bordeaux  dust,  (2)  lime  and  sulphur 
dust  (containing  10  parts  sulphur  to  90  parts  lime),  (3)  Bordeaux  spray, 
4-4-50,  and  (4)  lime-sulphur  spray,  1-30.  The  latter  was  found  to  be 
definitely  injurious  in  that  strength,  so  after  the  first  application  1-40 
was  applied.  The  first  three  rows  in  each  section  were  treated  twice  a 
week,  on  Wednesday  and  Saturday;  the  second  three  once  a  week,  on 
Saturday;  and  the  third  three  left  untreated  as  controls.^;  Before  start- 
ing the  experiment  the  plants  were  examined  thoroughly  and  all  diseased 
and  ripe  spikes  cut  off  and  dropped^to  the^ground. / 
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The  applications  were  made  according  to  schedule  for  a  period  of  six 
weeks,  except  for  slight  variations  on  account  of  unfavorable  weather. 
The  sprays  were  applied  with  a  knapsack  sprayer;  the  dusts,  with  a 
hand-operated  dusting  machine  of  the  fan  blower  type,  suspended  by 
straps  from  the  shoulder.     The  applications  were  very  thoroughly  made, 

from  both  sides,  so  it  is 
very  certain  that  the 
spikes  were  well  cov- 
ered with  the  fungi- 
cides. On  Saturday  of 
each  week,  before  the 
regular  treatment  was 
applied,  a  count  was 
made  of  all  diseased 
and  disease-free  spikes. 
The  count  included  im- 
mature spikes  that 
were  bursting  through 
the  sheath,  but  none 
younger  than  that.  In 
this  way  an  accurate 
comparison  was  made 
of  the  effectiveness  of 
the  different  treat- 
ments. At  the  same 
time  all  the  diseased 
spikes  were  cut  and 
allowed  to  fall  to  the 
ground,  thus  providing 
rows  of  mold-free 
plants  for  the  follow- 
ing week. 

In  connection  with 
the  control  experiment 
a  test  was  conducted 
according  to  the 
method  described  by 
Winston  and  Fulton 
(24)  to  determine  the 
persistence  on  the 
plant  of  the  copper 
preparations  used. 
Briefly,  the  particular 
methods  used  were  as 
follows :  At  the  time  the 
counts  were  being 
made  each  Saturday 
liberal  samples  of 
spikes  from  the  Bor- 
deaux dust  and  Bordeaux  spray- treated  plots  were  collected  at 
random  in  paper  bags.  The  samples  included  about  an  equal  number 
of  diseased  and  disease-free  spikes.  Out  of  each  lot  200  gm.  were 
weighed  out  and  washed  thoroughly  in  500  cc.  distilled  water  into 
which    1    cc.    of  nitric   acid   had   been   poured.     Any   copper   sulphate 
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Fig.  4. — Results  of  spraying  experiment  from  August  2  to  September 
13.  1919-  The  graphs  show  the  percentage  of  mold  developing  on 
castor-bean  plants,  week  by  week,  for  each  of  the  fungicides  used; 
and,  for  the  purpose  of  comparison,  the  weekly  rainfall  over  the  same 
period. 
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present  was,  of  course,  promptly  dissolved.  Test-tube  samples  of  these 
solutions,  in  duplicate,  were  then  set  up  in  racks  and  treated  with  potas- 
sium ferrocyanid.  The  color  intensities  produced  were  compared  with 
those  in  a  graded  series  of  copper-sulphate  solutions  of  known  concen- 
tration, and  readings  were  taken  accordingly  from  the  nearest  in  color 
in  terms  which  were  readily  convertible  to  milligrams  of  copper  per  100 
gm.  of  the  sample.  It  is  evident  that  each  unit  of  weight  of  such  mate- 
rial as  castor- bean  inflorescences,  containing  a  large  proportion  of  heavy, 
immature  pods,  would  have  much  less  exposed  surface  than  the  same 
weight  in  leaves,  as  given  in  the  paper  referred  to  (24) ;  consequently  the 
results  obtained  in  this  case  are  not  comparable  with  theirs.  They  are 
comparable,  however,  within  this  experiment,  one  condition  with  another. 

In  order  to  establish  a  basis  of  comparison  to  determine  persistence  of 
the  different  materials  on  the  plants,  a  special  application  was  made  at 
the  close  of  the  series.  The  spray  was  allowed  to  become  thoroughly 
dry  and  the  dusted  spikes  to  blow  in  the  wind  for  a  couple  of  hours; 
then  samples  were  collected  and  tests  made  for  copper,  with  results  as 
follows:  Three  of  the  dusted  samples  gave  41.7,  62.6,  and  50  mgm. 
copper  per  100  gm.  of  sample,  averaging  practically  50  mgm.  per  100  gm. ; 
two  of  the  sprayed  samples  gave  identical  results — 25  mgm.  copper  per 
100  gm.  of  sample.  Consequently  these  figures  are  taken  as  very  rough 
bases  upon  which  to  calculate  percentages  of  persistence  of  the  copper 
applications.  The  results  of  the  spraying  experiment,  week  by  week,  are 
given  in  Table  II  in  figures  representing  total  number,  number  of  moldy, 
and  percentage  of  moldy  spikes.  In  addition,  figures  are  given  showing 
the  weight  in  milligrams  of  copper,  as  such,  per  100  gm.  of  plant  parts 
sprayed,  at  the  close  of  each  week,  together  with  the  relation  between 
that  and  the  "perfect"  persistence,  expressed  in  percentages.  Some  of 
the  results  are  more  graphically  presented  in  Figure  4. 

Several  interesting  facts  can  be  ascertained  by  study  of  this  table  and 
figure  4.  In  the  first  place,  there  is  a  very  definite  correlation  between 
rainfall  and  the  development  of  mold  in  all  the  plats.  During  a  week 
when  less  than  %  inch  of  rain  fell,  as  a  rule  less  than  20  per  cent  of  the 
flower  clusters  in  the  untreated  plats  developed  the  mold;  when  over  1 
inch  fell,  more  than  25  per  cent;  and  in  one  week  over  50  per  cent  became 
moldy.  An  exception  to  this  was  the  week  ending  August  9,  when  the 
rainfall  was  bunched  and  several  days  were  dry.  The  difference  in  the 
persistence  of  the  copper  applications  can  also  be  traced,  on  the  whole, 
to  rainfall,  though  some  inconsistencies  appear  to  be  present.  These 
are  due,  as  a  rule,  to  the  time  of  application  of  the  fungicides  in  relation 
to  some  of  the  heavier  downpours  of  rain.  For  example,  during  the  week 
ending  September  6,  the  single  application  off\Bordeaux  dust  almost 
entirely  disappeared,  whereas  a  comparativelyflarge  proportion  of  the 
second  application,  made  after  most  of  the  rains  were  over  (20)  remained 
(fig.  5).  The  copper  of  the  Bordeaux  spray  was,  on  the  whole,  more 
persistent  than  that  of  the  dust.  The  anomaly  evident  for  the  week 
ending  September  6,  in  which  the  Bordeaux  spray  has  a  sticking  quality 
better  than  100  per  cent,  can  be  explained  only  by  the  supposition  that 
an  unusually  heavy  application  was  made  in  the  middle  of  the  week,  after 
the  rain  was  over  for  the  week. 

The  comparative  efficiency  of  the  fungicides  used  is  best  shown  in  the 
graph  (fig.  4)  in  which  curves  are  used  to  represent  the  percentages  of 
moldy  spikes  left  at  the  end  of  each  week,  under  the  different  treatments. 
Only  the  twice-a-week  applications  are  compared  here.  In  so  far  as 
control  of  the  mold  is  concerned,  the  sulphur  applications  appear  to  be 
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the  much  more  efficient,  with  the  advantage,  between  the  two,  in  favor 
of  the  lime  and  sulphur  dust.  However,  a  burning  and  consequent 
serious  injury  to  the  plants  was  very  evident  with  both  sulphur  com- 
pounds. This  injury  was  sufficient  to  put  these  preparations  out  of 
consideration  as  practical  remedies.  The^  Bordeaux  dust,  contrary  to 
what  might  have  been  expected  from  the^comparisons  of  relative  per- 
sistence, was  more  efficient  than  the  spray.  No  injury  whatever  resulted 
to  the  plants  from  the  applications  of  the  copper  compounds. 
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Fig.  5. — Diagram  showing  the  daily  precipitation  record  at  Orlando,  Fla.,  over  the  period  covered  by  the 
spraying  experiment,  July  27  to  September  13,  1919. 

Table  II. — Results  of  applications  of  fungicides  and  persistence  of  copper  applications 


Week 
ending- 


Aug. 


ib 


23 


30 


Sept     6 


13 


Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 

spikes) 

Percentage  persistence 

Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 

spikes) 

Percentage  persistence 

Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 
spikes) 

Percentage  persistence. 

Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 
spikes) 

Percentage  persistence. . . . 

Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 
spikes) 

Percentage  persistence 

Total  spikes 

Moldy  spikes 

Percentage  moldy 

Copper  (mgm.  per  100  gm. 
spikes) 

Percentage  persistence. . . . 
"Total  spikes 

Moldy  spikes 

Percentage  moldy 


Bordeaux 
dust. 


Lime  sulphur 
dust. 


i 

I 


287 
67 

23- 

5 

10 

300 

14 

4- 

7- 

IS- 

433 

59 

13- 

6. 

13- 

476 

26 

5- 

33. 

66. 

473 

17 

3 


.6 


10. 

20. 
538 
126 

23- 

33- 

66. 

484 

14 

2. 


222 
70 
31-5 

o 

o 

"5 

22 

9.8 

(J) 

(?) 

285 

57 

20 

o 

o 
335 
5° 
14.9 

4-3 
8.6 
330 
36 
10.  9 

4-3 
8.6 

351 

149 

42-5 

(*) 

(J) 

335 

24 
7-2 


208 
61 
29- 3 


S 

c 

0 


206 

16 

7.8 


3" 

129 

4'-5 


1 


60 
32.  6 


2S4 
55 
19.4 


247 
5 

2 

(«) 


31° 
8 
2.6 


314 
19 
6.  1 

(4) 


268 
47 
17-5 


484 


278 
34 
12.  2 


309 
157 
50.8 


»8S 

52 
18.  1 


6 
1.  2 


522 
3 


.6 


399 
22 


8 


474 
124 
26. 2 


a 

o 

rj 


272 

68 

23 


262 
19 

7-3 


45° 

134 

29. 


324 
23 
7-1 


366 

65 
17.8 


475 
7 
1. 


366 
51 
13-9 


535 

150 

5-5    28 


645 
5 


57i 
38 
6.7 


Bordeaux  spray 
4-4-50. 


447 
229 
51.2 


4°3 

42 


201 
71 
35-3 

4.  2 
16.8 
225 
13 
5-8 

10.45 
41.8 

402 

107 
26.6 

8-3 
33-3 
387 

21 

5-4 

16.  7 
66.7 
319 
71 
22.3 

17.9 
71.6 

488 

151 
3°-9 

29- 5 
118 

427 

34 

8 


a 
O 


167 

43 

35-7 

4-65 
18.6 
233 
26 
11.  2 

o 
o 

371 
125 

33-  7 

8.3 
33-3 
339 
48 

14  2 

4-65 
18.6 
240 

65 
27.  I 

4-3 
17.  2 

344 

181 
52.  6 

4-3 
17.  2 
3°9 
32 
11.  8 


B 
o 
O 


no 
37 
33-6 


171 

19 
II.  I 


^35 
83 
35-  I 


194 
41 
21.  1 


Lime  sulphur 
spray  1-40. 


145 

27 

18.6 


a 
O 


99 

5 

5 


296 
47 
15- 9 


193 
36 
18.7 


320 
14 
4.4 

(«) 


201 
"3 
56.  2 


121 
12 
10 


277 
4 
1.4 

(5) 


319 
30 
9-4 

(<> 


295 


•  7 


116 
17 
14-  7 


IQ7 
14 
7-  I 


?53 
80 
31-6 


124 
10 
8.1 

(5) 


a 

o 

0 


46 

14 
30.4 


82 
13 

15-8 


112 
40 
35-  7 


100 
22 
22 


=41 
15 
6.2 

(4) 


91 

26 
28.6 


263 

71 
27 

(<> 


100 
57 
57 


4 
1.  81 


60 
9 
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1  The  spraying  was  postponed  until  Monday  on  account  of  rain;  dusts  applied  as  usual. 
1  Trace.  *  Burning  evident.  *  Burned.  5  Much  burning. 
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All  the  applications  used  controlled  the  disease  to  some  extent,  as  can 
be  seen  at  a  glance.  The  failure  to  get  anything  like  complete  control 
was  undoubtedly  due  not  so  much  to  the  ineffectiveness  of  the  fungicides 
against  the  parasitic  mold  as  to  the  extreme  rapidity  with  which  the 
plants  grew  and  exposed  unprotected  surfaces  to  infection  by  the  myriads 
of  spores  that  were  present  at  all  times.  New  buds  would  unfold  over- 
night. Young  inflorescences  would  double  in  size  in  48  hours.  Male 
blossoms  would  open  up,  uncovering  the  anthers,  thus  multiplying  the 
exposed  surface  many  fold  and  in  addition  furnishing  ideal  conditions 
for  infection.  Young  pods  themselves  would  rapidly  increase  in  size 
and  expose  unprotected  surfaces.  It  is  evident,  therefore,  that  spraying 
is  out  of  the  question  in  so  far  as  practical  control  of  the  disease  is  con- 
cerned. Three  or  four  sprayings  during  the  season  would  be  impracti- 
cable in  so  far  as  expense  is  concerned,  to  say  nothing  of  the  two  or  more 
applications  per  week  that  would  be  necessary  to  produce  results. 

SEED-TREATMENT 

It  has  been  shown  that  this  destructive  disease  was  carried  into  America 
by  means  of  the  seed  and  that  the  seed  is  perhaps  its  most  important 
carrier  from  one  section  to  another.  A  seed  treatment  that  would 
destroy  the  fungus  without  injuring  the  seed  would  therefore  be  a  step 
toward  prevention  of  the  disease.  In  a  seed-treatment  experiment 
carried  out  in  March,  1918,  at  Orlando,  Fla.,  lots  of  200  seeds  each  were 
given  the  following  treatments:  1  to  240  formaldehyde  (commercial  40 
per  cent  formalin)  for  5,  10,  15,  20,  30,  45,  and  60  minutes,  and  murcuric 
chlorid  1  to  1 ,000  for  equal  periods.  After  the  treatments,  the  seed  were 
planted  in  rows,  under  natural  conditions.  A  month  later  a  careful 
count  was  made  of  the  germination  and  growth  in  each  row.  The 
results  are  given  in  Table  III. 


Ta 

BLE  III.- 

— Germination  of  seeds  treated  with  formaldehyde  and  mercuric 

chlorid 

Period  of  treatment  (minutes). 

Percentage  germination. 

Formalde- 
hyde. 

Mercuric 
chlorid. 

c 

68.5 

53-5 

63 

55 
60.5 

64 

67-5 

73 

57-5 
55 
67 

63-5 
74 

7i 

10 

I« 

20 

4c 

60 

A  frost  on  April  1  undoubtedly  killed  some  of  the  plants,  but  the 
results  are  roughly  comparable.  For  either  treatment,  germination 
was  practically  as  high  for  60  minutes'  immersion  as  for  5.  It  is  there- 
fore certain  that  no  injury  is  likely  to  be  done  the  seed  by  any  reasonable 
chemical  treatment. 

Seeds  formed  in  an  inflorescence  that  has  been  attacked  by  the  gray 
mold  are  lighter  in  weight  than  normal  healthy  seed;  in  fact  the  worst 
of  them  are  so  light  as  to  be  blown  out  by  the  blower  in  a  seed-cleaning 
machine.  The  castor  beans  shown  in  Plate  7,  E,  are  examples,  light  in 
weight  and  worthless  as  seed.     The  living  fungus  inside  the  tough  seed 
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coat  may  lie  dormant  for  months.  It  is  very  unlikely  that  any  of  the 
heavier  seed  carry  infection  inside  the  seed  coat.  Simply  floating  off 
the  lighter  seed  in  water,  therefore,  would  eliminate  a  large  part  of  the 
danger  of  transportation  of  the  disease  through  this  means.  Experiments 
in  this  connection  have  shown,  however,  that  a  considerable  proportion 
of  the  apparently  normal  seed  will  float  in  water  when  first  immersed, 
and  also  that  seed  which  were  heavy  enough  to  sink  at  first  may  rise 
later.  In  a  specific  trial,  half  of  a  lot  of  50  seeds  floated  when  first  put 
in  the  water;  in  30  minutes  8  more  had  risen;  after  an  hour  longer  8 
were  floating  and  42  were  on  the  bottom.  Several  different  lots  acted 
the  same  way,  in  general.  It  is  recommended,  therefore,  that,  in  order 
to  combine  the  floating  process  with  seed  treatment,  some  such  precedure 
as  the  following  be  practiced,  if  there  is  chance  that  the  seeds  are  infected. 
The  seeds  should  be  immersed  in  water  in  a  large  receptacle  and  left  for 
about  \%  hours  with  frequent  stirring.  Then  the  disinfectant,  prefer- 
ably formaldehyde,  should  be  added  in  the  proper  proportion,  and  the 
seeds  left  for  15  minutes  longer.  At  this  time  all  those  that  are  floating 
should  be  skimmed  off,  together  with  all  trash,  and  discarded  in  so  far  as 
use  for  seed  is  concerned.  It  is  true  that  many  good  seeds  will  probably 
be  discarded  along  with  the  poor,  but  they  will  still  be  available  for  oil, 
and  the  certainty  will  be  the  greater  that  only  the  best  and  cleanest 
seed  is  reserved  for  planting. 

GENERAL  RECOMMENDATIONS  FOR  CONTROL 

Regardless  of  the  freedom  of  seed  from  disease,  planting  castor  beans 
in  a  locality  where  the  disease  is  present  is  almost  certain  to  bring  about 
a  diseased  crop.  Observations  made  in  April,  1921,  three  years  after 
the  war  emergency  plantings  of  19 18,  showed  the  disease  to  be  still 
present  and  active  at  Orlando,  Fla.  Several  castor  bean  plants  that 
had  survived  the  mild  winter  of  1920-21  and  had  grown  to  be  trees  15 
feet  high  and  6  inches  in  diameter  at  the  base  were  covered  with  fruiting 
spikes  in  different  stages  of  maturity.  About  50  per  cent  of  these  were 
affected  with  the  typical  gray  mold.  The  first  requirement,  therefore, 
toward  the  growing  of  a  mold-free  crop  would  be  planting  in  a  mold-free 
locality.  Planting  in  locations  where  climatic  conditions  are  not  favor- 
able to  the  disease  would  be  a  still  better  safeguard,  in  that  no  infections 
could  occur  from  chance  introductions  of  the  disease  on  seed  or  otherwise. 
The  map  (fig.  1)  shows  the  localities  in  America  where  the  disease 
occurred  and  where  it  did  not  occur,  in  1918.  Several  States,  in  some 
of  which  in  fact,  the  best  yields  were  produced,  are  seen  to  be  suitable 
in  this  respect.  In  case  the  necessity  should  ever  recur  for  heavy  plant- 
ings in  America,  this  should  be  one  of  the  primary  considerations.  A 
study  of  the  rainfall  maps  over  a  considerable  period  might  be  advisable 
in  order  to  be  certain  that  the  19 18  conditions  were  not  exceptional. 
After  choosing  the  localities  where  the  planting  is  to  be  done,  the  source 
of  seed  should  be  considered.  If  there  is  any  doubt  about  the  cleanness 
of  seed,  15  minutes'  treatment,  in  either  formaldehyde  solution  or 
mercuric  chlorid,  as  recommended  above,  should  be  given  as  an  addi- 
tional safeguard.  Only  as  a  last  resort,  to  prevent  general  spread  from 
a  limited  primary  infection,  can  spraying  or  dusting  be  recommended. 
If  accompanied  by  complete  destruction  of  all  the  disease  that  has  been 
found,  and  if  repeatedly  and  frequently  applied,  a  fungicide^  might  be 
helpful.     But  on  the  whole  such  measures  are  not  recommended^ as 
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practicable.     Control  measures,  therefore,  are  to  be  wholly  preventive 
rather  than  to  any  extent  destructive  of  the  disease  after  it  once  gets  a 

start. 

SUMMARY 

(1)  Castor  beans  were  cultivated  on  a  large  scale  in  19 18,  as  a  war 
emergency  measure.  A  number  of  insect  pests  and  diseases  appeared, 
the  most  serious  of  which  was  a  blight  of  the  inflorescence  caused  by  a 
new  species  of  Botrytis,  the  perfect  stage  of  which  was  later  found  and 
described  (Sderotinia  ricini  Godfrey). 

(2)  The  disease  was  found  throughout  the  State  of  Florida,  and  also 
in  Mississippi,  Louisiana,  and  Texas.  It  was  not  to  be  found  in  fields 
in  South  Carolina,  Alabama,  Georgia,  Tennessee,  or  Arkansas.  From 
10  per  cent  up  to  100  per  cent  loss  was  sustained  by  growers  in  the 
affected  districts. 

(3)  A  succession  of  several  continuously  wet  days  was  requisite  to 
the  development  and  spread  of  the  pathogene.  In  localities  where  there 
was  much  of  this  kind  of  weather  during  the  growing  season  the  percent- 
age of  loss  was  high ;  where  there  was  less,  the  loss  was  correspondingly 
lower;  where  summer  rains  were  of  brief  duration  and  followed  by  long 
periods  of  dry  weather  the  disease  did  not  occur. 

(4)  The  disease  is  a  typical  Botrytis  blight.  The  inflorescences  or 
"spikes"  are  attacked,  in  all  stages  of  development,  with  heavy  growth 
of  mold  and  complete  destruction.  The  leaves  and  stems  are  also 
attacked  occasionally.  During  the  winter  and  spring  following,  sclerotia 
appeared  in  abundance,  at  first  on  the  old  spikes  and  later  on  the  stalks 
of  the  plants. 

(5)  The  causal  organism  is  very  readily  isolated,  since  it  is  a  rapid 
grower  on  most  of  the  common  culture  media  and  outgrows  most  con- 
taminating organisms.  About  50  isolations  were  made  from  different 
sources,  mostly  from  single  conidia.  Its  appearance  in  culture  is  that 
of  a  typical  Botrytis,  with  the  usual  abundance  of  gray  mold  and  black 
sclerotia.  It  is  characterized  microscopically  by  its  comparatively  small 
globose  spores  in  dense  heads  and  the  constant  dichotomous  divisions  of 
the  conidiophores.  Appressoria  are  mostly  microscopic.  Microconidia 
occur. 

(6)  Attempts  made  to  induce  a  perfect  stage  to  develop  during  the 
winter  of  19 18-19  were  at  first  not  successful.  Early  in  March  a  limited 
number  of  cultures  showed  apothecial  stalks  arising  from  sclerotia. 
Single  ascospore  strains  were  isolated  from  apothecia  which  matured, 
and  the  connection  with  the  Botrytis  stage  was  established.  Later  a 
great  abundance  of  apothecia  were  produced  under  artificial  conditions 
and  were  found  in  nature. 

(7)  The'fungus  is  homothallic.  Freezing,  drying,  or  an  extended  rest 
period  are  not  requisite  to  the  development  of  apothecia  from  sclerotia. 
Factors  necessary  before  this  will  happen  are  reasonably  moist  conditions, 
a  temperature  near  the  optimum  for  vegetative  growth  of  the  fungus,  a 
reasonable  amount  of  air  space,  and  light. 

(8)  The  perfect  stage  is  a  true  Sclerotinia,  smaller  than  the  more  com- 
mon forms.  Ascospores  are  discharged  forcibly  in  a  visible  cloud  when 
the  apothecia  are  subjected  to  a  sudden  change  from  moist  to  dryer  condi- 
tions. Frequently  all  eight  spores  cling  together.  Ascospores  may  ger- 
minate directly,  with  the  production  of  a  germ  tube  and  hyphae  indis- 
tinguishable from  those  of  the  Botrytis  stage.  Microconidia  have  been 
observed  on  germinating  ascospores. 
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(9)  A  complete  technical  description  of  the  fungus  is  given. 

(10)  It  is  proved  that  the  pathogene  was  brought  to  America  from 
India  with  the  seed. 

(11)  Numerous  inoculations,  reisolations,  and  reinoculations  were  made 
with  the  use  of  single  conidium  and  single  ascospore  strains  of  the  fungus. 
Most  of  the  inoculations  were  made  by  the  application  of  conidia,  with 
the  use  of  special  waxed  paper  moist  chambers.  In  addition  infection 
was  secured  by  the  application  of  ascospores  alone. 

(12)  Histological  studies  showed  that  penetration  of  the  cuticle,  appar- 
ently by  mechanical  means,  was  necessary  before  any  injury  to  the  host 
occurred.  After  penetration  disorganization  of  the  host  tissue  was  rapid 
and  complete.  The  fungus  was  found  within  the  caruncle  and  even 
beneath  the  seed  coat  of  seed  that  had  been  attacked  before  maturity. 

(13)  The  fungus  appears  to  be  practically  limited  to  the  castor  bean 
as  a  host  plant.  Of  a  large  list  of  other  plants  exposed  to  infection,  only 
three  other  plants  of  the  family  Euphorbiaceae  and  a  species  of  Pelargo- 
nium were  slightly  infected,  and  infection  did  not  develop  further  under 
the  conditions  that  favored  rapid  spread  on  Ricinus. 

(14)  Some  difference  in  varietal  susceptibility  was  noted,  the  coarse 
ornamentals  in  general  being  more  resistant  than  the  commercial  seed- 
producing  sorts.  Nothing  promising  in  the  way  of  control  by  this 
means  was  evident. 

(15)  Extensive  experiments  indicated  that  control  by  the  application 
of  fungicides  was  entirely  impracticable  once  the  disease  was  well 
established. 

(16)  Castor  bean  seed  are  not  readily  injured  by  any  reasonable 
chemical  treatment.  A  combination  of  a  floating  process,  to  remove  all 
light-weight  seed,  with  a  formaldehyde  treatment,  would  seem  to  be  a 
practicable  means  of  preventing  the  introduction  of  the  disease  from  one 
locality  to  another  by  means  of  the  seed. 

(17)  Control  of  this  disease  in  the  event  of  any  future  heavy  planting 
should  consist  primarily  of  prevention.  The  use  of  clean  seed  combined 
with  a  judicious  choice  of  districts  to  be  planted,  based  primarily  upon 
freedon  from  recent  occurrence  of  the  disease,  should  result  in  the 
production  of  a  mold-free  crop. 
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PLATE   i 

A. — Young  castor  bean  inflorescence  recently  infected  with  Sclerotinia  ricini.  Note 
the  center  of  infection  with  heavy  production  of  gray  mold,  the  very  recently  infected 
spots  exuding  amber-colored  drops  of  liquid,  and  the  variation  in  stage  of  development 
of  the  flowers,  both  male  and  female. 

B . — Portion  of  the  stalk  of  a  castor  bean  plant  with  sclerotia,  developed  in  the  sub- 
cortical layers,  appearing  at  the  surface. 

C. — Axis  of  an  old  diseased  inflorescence,  with  the  pods  long  since  fallen.  Note  the 
sclerotia  developing  at  the  base. 

D. — Apothecia  and  sclerotia  of  S.  ricini. 

Reproduced  from  painting  by  J.  Marion  Shull. 
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PLATE  21 

A. — Portion  of  an  experimental  castor  bean  field  at  Orlando,  Fla.,  upon  which 
observations  were  made  and  experimental  sprayings  conducted  in  19 19.  Note  in 
addition  the  cloud  effects  which  are  typical  of  the  summer  season  in  most  parts  of 
Florida.  A  shower  has  just  occurred  in  the  distance  from  clouds  shown  in  the  upper 
left-hand  corner  of  the  picture.  A  storm  is  rising  in  the  other  direction,  as  evidenced 
by  the  large  dark  cloud  shown.  Such  storms  pass  over  quickly  and  are  followed 
immediately  by  sunshine,  but  their  frequency,  combined  with  the  relatively  high 
humidity,  is  conducive  to  the  rapid  spread  of  the  gray  mold. 

B. — A  single  Bombay  type  castor  bean  plant,  the  majority  of  whose  spikes  are 
affected  with  the  gray  mold.     De  Land,  Fla.,  August  22,  1918. 


1  All  photographs  used  in  illustrating  this  paper  were  taken  by  the  author  except  where  otherwise  indi- 
cated. 


PLATE   3 

Castor  bean  inflorescences  infected  with  Sclerotinia  ricini. 

A. — A  nearly  mature  spike,  showing  typical  appearance  of  the  mold  under  natural 
conditions.     Note  drops  exuding  from  new  infections  on  the  axis.     X  3/4. 

B. — A  similar  spike  with  heavy  production  of  mold.     X  3/4. 

C. — A  young  spike  infected  by  inoculation  with  ascospores.  The  mold  was  devel- 
oped, after  infection  occurred,  by  holding  the  specimen  for  38  hours  under  a  bell  jar. 
Orlando,  Fla.,  May,  1919.     Natural  size. 
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PLATE  4 

A. — Axis  of  a  nearly  mature  spike  almost  completely  girdled  by  the  fungus.  The 
pods  in  the  center  of  picture  look  almost  the  same  as  mature  pods,  but  the  seeds  in 
them  are  light  and  worthless.     De  Land,  Fla.,  August,  1918.     Natural  size. 

B. — A  well-developed  spike  doomed  to  destruction,  the  axis  being  completely 
girdled.     Note  the  young  spike,  also  infected.     De  Land,  Fla.,  August,  1918.     X  1/3. 

C. — A  canker  on  a  stalk,  produced  by  the  gray  mold.  The  spike  shown  was  infected 
when  still  green  and  contains  worthless  light-weight  beans.  De  Land,  Fla.,  August, 
1918-     X  1/2. 


PLATER 

Winter  stage  of  Sc lero tinia  ricini,  Orlando,  Fla.,  February,  iqiq. 

A. — -Bases  of  old  diseased  inflorescences,  showing  sclerotia  developed  in  the  early 
spring.     X  3/4. 

B.— Canker  developed  on  the  side  of  a  castor  bean  stalk  from  a  diseased  spur. 
Note  early  stage  of  sclerotium  development.     X  3/4. 

C— A  weak  spring  growth  on  the  side  of  an  old  castor  bean  stalk.  It  has  become 
infected  with  the  gray  mold  and  has  carried  infection  into  the  stalk,  producing  a 
canker.     X  3/4- 
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PLATE  6 

Sclerotinia  ricini  on  castor  bean  stalks,  Orlando,  Fla. 

A. — Sclerotia  developed  on  a  stalk,  following  infection  through  a  spur.  May, 
1919.     X  1/3. 

B. — Sclerotia  on  the  surface  of  a  stalk.  Note  the  vigorous,  healthy  growth  de- 
veloping from  below  the  diseased  region.     May,  1919.     X  1/3. 

C— Superficial  and  subcortical  sclerotia.  Note  the  humps  produced  by  the  latter. 
May,  1919.     X  2/3.  ... 

D. — An  abundance  of  apothecia  developed  under  natural  conditions  on  sclerotia 
still  attached  to  the  dead  stump  of  the  host  plant.     July,  1919.     X  3/4- 


PLATE  7 

A. — Full-sized  but  immature  castor  bean,  with  part  of  the  hull  torn  away.  Note 
the  large  fleshy  white  caruncle.     X  3. 

B. — Similar  view  of  a  castor  bean  and  hull  taken  from  a  diseased  inflorescence. 
Note  the  gray  mold  growing  on  the  pod,  seed  coat,  and  caruncle.  Orlando,  Fla., 
August,  1919.     X  3- 

C. — Four  castor  beans  from  a  diseased  spike,  showing  gray  mold  growing  from  the 
seed  coat  and  caruncle.     Magnification  indicated  by  the  scale. 

D.— Gray  mold  growing  from  two  castor  beans  six  months  after  they  were  taken 
from  the  hulling  plant  at  Plant  City,  Fla.  The  upper  one  has  the  mold  growing 
directly  on  the  bean;  the  lower  one  shows  the  mold  grown  from  the  seed  to  the  nutri- 
ent medium,  where  it  is  rapidly  developing. 

E. — Seed  taken  from  a  diseased  inflorescence  collected  at  Alvin,  Tex.,  October, 
1918.  Note  the  sclerotia  on  seed  coats  and  hulls.  These  beans  consist  of  nothing 
but  shells.     Natural  size. 
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PLATE  8 

A. — Photograph  showing  the  inoculation  method  largely  used  in  the  experimental 
work  at  Orlando,  Fla.  A  sheet  of  waxed  paper  is  wound  about  the  spike,  inclosing 
a  moist  cotton  plug  to  maintain  high  humidity. 

B. — Portion  of  an  inoculated  castor  bean  seedling,  showing  lesions  on  the  stem 
and  attachment  of  the  cotyledons,  one  of  which  has  already  fallen,  and  the  killed 
growing  point.  Photographed  by  Mr.  W.  R.  Fisher,  of  the  Department  of  Plant 
Pathology,  Cornell  University.     X  7/8. 

C. — Geranium  infected  by  artificial  inoculation  with  the  castor  bean  gray  mold. 
Note  the  affected  leaf  margins,  the  stem  lesion,  and  the  killed  growing  points.  Photo- 
graph by  Mr.  W.  R.  Fisher.     X  3/4. 


PLATE  9 

Photomicrographs  of  late  stages  of  infection  of  male  blossom  buds  by  germinating 
conidia. 

A. — Deep  indentation  produced  by  an  appressorium.  Infection  has  already 
occurred  elsewhere  in  the  bud  and  host  tissues  are  disorganized.  Section  rather 
thick,  about  25  ju.  Note  clinging  together  of  the  hyphae,  indicating  a  tangled  weft, 
capable  of  withstanding  considerable  pressure. 

B. — Another  view  of  tangled  hyphae,  and  indentation  beneath  an  appressorium. 

C. — Hyphae  of  the  fungus  within  the  disorganized  host  tissue.  The  large,  round 
bodies  below  are  partly  developed  anthers. 

Photomicrographed  by  the  photographic  laboratory,  United  States  Department  of 
Agriculture. 
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PLATE  10 

Photographs  and  photomicrographs  of  Sclerotinia  ricini. 

A. — Gray  mold  in  pure  culture  on  a  poured  plate  of  corn  meal  agar.  Culture  about 
3  days  old.     Natural  size. 

B. — Same  as  A.     Approximately  X  3. 

C. — Germinating  ascospores,  in  some  cases  with  the  production  of  microconidia. 

D. — Ascospores  as  ejected  from  apothecia  in  groups  of  eight. 

Photographed  by  the  photographic  laboratory,  United  States  Department  of 
Agriculture. 
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PLATE  n 

Apothecial  stage  of  Sclerolinia  ricini. 

A. — The  first  tube  in  which  apothecia  developed  and  reached  maturity.  The  large 
apothecium  in  the  foreground  was  the  third  to  mature,  and  the  one  from  which  the 
first  single  ascospore  isolations  were  made.  Note  also  the  appressoria  at  x.  Orlando, 
Fla.,  March,  1919.     Approximately  natural  size. 

B. — An  abundance  of  apothecia  produced  from  sclerotia  placed  on  moist  sand  in 
an  Erlenmeyer  flask.     Orlando,  Fla.,  May,  1919.     Approximately  natural  size. 

C. — Apothecia  developed  as  in  B,  enlarged  as  indicated,  by  the  metric  scale. 

D. — An  abnormal  apothecium  with  several  disks.  Somewhat  enlarged.  Photo- 
graphed by  photographic  laboratory,  United  States  Department  of  Agriculture. 
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PLATE  12 

Stages  in  the  development  of  Sclerotinia  ricini. 

A. — Portion  of  mature  head  of  Botrytis  stage.     Note  dichotomous  branching. 

B. — Germinating  conidia. 

C. — Immature  conidia,  showing  attachment  to  conidiophore. 

D. — Base  of  a  conidiophore,  hyaline  and  vacuolate,  gradually  becoming  olivaceous 
above  the  substratum. 

E. — Asci,  ascospores,  and  paraphysis. 

F. — Microconidium  production  on  vegetative  hyphae. 

G. — The  same  on  germinating  ascospores. 

H,  I. — Stages  in  germination  of  two  of  the  ascospores  which  gave  two  of  the  original 
single  ascospore  cultures. 

Drawings  made  with  the  camera  lucida.  Magnification  is  indicated  by  the  scales, 
one  space  of  which,  in  each  case,  represents  10  /*. 
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PLATE  13 

Penetration  of  a  leaf  of  the  castor  bean  by  germinating  conidia  (except  I  and  J). 

A. — Penetration  of  cuticle  by  means  of  a  very  fine  outgrowth  almost  directly  from 
the  spore. 

B. — Similar  stage  of  penetration  by  tip  of  a  germ  tube.  Swelling  of  the  cuticle 
.seems  to  be  evident. 

C. — Two  cases  of  penetration  into  the  cuticle. 

D. — A  group  of  germinating  conidia.  In  two  places  the  cuticle  has  been  entered 
but  not  completely  penetrated.     No  injury  was  evident  in  the  epidermal  cells. 

E. — Another  case  of  partial  penetration. 

F. — Penetration  accomplished  and  hyphae  growing  rapidly  into  the  host  cells. 

G. — Penetration  accomplished;  the  hypha  has  advanced  into  the  subepidermal 
layer  of  host  cells.  Note  the  swollen  cuticle  and  the  clear  region  about  the  penetrating 
hypha,  indicating  that  some  dissolving  action  has  taken  place. 

H. — Lower  part  of  hypha  that  has  penetrated  the  cuticle.  Apparent  dissolving 
action  also  seen  here. 

I,  J. — Ansastomosis,  or  growing  together  of  hyphae  in  a  young  culture  on  clear  corn 
meal  agar. 

The  material  was  fixed  24  hours  after  inoculation,  some  of  it  showing  only  very  slight 
injury.     Magnification  is  indicated  by  the  scales,  each  space  of  which  represents  10  n. 
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INFLUENCE  OF  THE  SPECIFIC  GRAVITY  OF  HENS'  EGGS 
ON  FERTILITY,  HATCHING  POWER,  AND  GROWTH 
OF  CHICKS  » 

By  F.  E.  MussEHL,  Professor  of  Poultry  Husbandry,  and  D.  L.  Halbersleben, 
Student  Assistant,  Nebraska  Agricultural  Experiment  Station 

Several  interesting  theories  have  been  advanced  as  to  the  influence 
which  the  specific  gravity  of  the  hens'  egg  may  have  on  its  fertility, 
hatching  power,  and  the  subsequent  growth  of  chicks  hatched.  Devices 
for  the  purpose  of  determining  specific  gravity  of  eggs  are  being  dis- 
tributed, claims  being  made  that  the  hatching  power  of  eggs  is  directly 
related  to  their  specific  gravity. 

Experimental  work  for  the  purpose  of  studying  the  principles  involved 
rather  than  for  the  purpose  of  investigating  any  particular  device,  were 
conducted  at  this  station  with  the  results  as  hereinafter  stated. 

PLAN  OF  THE  EXPERIMENT 

The  eggs  used  for  this  experiment  were  produced  by  hens  in  pedigree 
breeding  pens,  use  of  the  trap  nest  making  it  possible  to  watch  unusual 
variations  in  size,  specific  gravity,  and  other  characters.  The  following 
data  were  obtained  on  each  of  the  eggs  used  in  this  experiment :  Number 
of  the  hen  laying  the  egg,  weight  of  the  egg  to  the  nearest  gram,  specific 
gravity,  record  of  fertility,  death  in  shell  if  this  occurred,  and  weight  of 
chick  if  the  egg  hatched.  On  the  second  group  of  chicks  hatched,  data 
were  also  obtained  on  the  weight  of  the  chicks  at  7  days,  21  days,  and 
35  days  of  age. 

The  specific  gravity  of  all  eggs  was  obtained  by  using  a  device  which 
is  sold  commercially  for  this  purpose.  Actual  specific  gravity  values 
were  determined  for  each  of  the  divisions  on  the  graduated  standard  of 
this  device  and  for  the  various  weights  of  eggs.  Translations  were  made 
so  that  our  comparisons  and  groupings  are  made  on  a  basis  of  actual 
specific  gravity. 

Each  of  the  958  eggs  used  in  this  experiment  was  given  a  distinct 
number,  and  all  chicks  hatched  were  pedigreed  separately.  All  eggs 
were  hatched  in  the  same  kind  of  incubators,  the  same  operator  being 
responsible  for  all  hatches.  The  chicks  were  brooded  indoors  for  the 
first  week  and  were  then  moved  to  a  colony  house  heated  with  a  coal- 
burning  brooder  stove. 

RELATION  OF  SPECIFIC  GRAVITY  TO  EVIDENT   FERTILITY 

The  summary  of  our  data  as  obtained  from  a  study  of  958  eggs  indicates 
that  there  is  no  correlation  between  the  specific  gravity  of  the  egg  and 
evident  fertility  during  incubation.  Table  I  consists  of  a  summary  of 
these  data. 

1  Accepted  for  publication  Feb.  15,  1922. 
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Table  I. — Relation  of  specific  gravity  to  fertility 


I.OI. 
1 .02 : 
I.03. 
I.04. 
1.05. 
I.06. 
I.07. 
I.08. 
I.09. 
I. IO. 


Specific  gravity. 


Total. 


Number 
infertile. 


2 
12 

35 
49 
40 
12 
3 


156 


Number 
fertile. 


2 

3 
24 

78 
178 
264 
190 

56 
7 


802 


Total. 


2 

3 
3 

26 
90 

213 

313 

230 

68 

10 


958 


r=— o.038±o.022. 

Since  there  is  no  apparent  correlation  between  specific  gravity  and 
fertility,  we  have  eliminated  the  infertile  eggs  in  organizing  data  for  the 
next  subject  of  inquiry,  which  was  the  relation  of  specific  gravity  to 
hatchability  of  fertile  eggs.  Table  II  summarizes  the  results  of  this 
study. 

Table  II. — Relation  of  specific  gravity  to  hatchability  of  fertile  eggs 


I.OI. 

1.02. 
1.03. 
1.04. 
1.05. 
1.06. 
1.07. 
1.08. 
1.09. 
1. 10. 


Specific  gravity. 


Number 
fertile  eggs 
not  hatch- 
ing. 


Number 

fertile  eggs 

hatched. 


Total. 


2 
2 

19 

61 

112 

I42 
84 
24 

5 


1 
5 

17 

66 

122 

106 

32 
2 


Total. 


4Si 


35i 


3 

24 

78 
178 
264 
190 

56 
7 


802 


r=o.204±o.o23. 


The  observations  summarized  in  Table  II,  made  on  802  eggs,  with  a 
positive  correlation  of  0.204,  indicates  a  slight  relation  between  the  two 
factors  being  studied,  but  the  degree  of  correlation  is  so  slight  that  it 
lacks  practical  usefulness  for  the  poultry  producer. 

The  relation  of  the  specific  gravity  of  the  eggs  to  the  probability  of  the 
chick's  living  through  the  first  five  weeks,  the  critical  period,  was  also 
Studied  with  the  chicks  hatched  in  the  second  division  of  the  experiment. 
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Table  III. — Relation  0/  specific  gravity  to  viability  of  chicks  hatched 


Specific  gravity. 


°3- 
04. 

°5- 
06. 
07. 
08. 
09. 
IO. 


Number 
dying. 


Number 
living. 


Total. 


3 
15 
46 

38 

23 

3 


3 
17 

52 
46 
28 

3 


Total. 


21 


129 


150 


T=  — o.074±o  055. 

It  has  furthermore  been  stated  in  commercial  literature  that  chicks 
hatched  from  eggs  of  high  specific  gravity  grow  much  more  rapidly  than 
those  hatched  from  low  specific  gravity  eggs,  by  virtue  of  more  complete 
nutritional  opportunities  in  the  early  life  of  the  high  specific  gravity 
chicks.  The  growth  history  of  129  chicks  were  studied  with  this  subject 
for  inquiry,  the  results  being  summarized  in  Table  IV. 

Table  IV. — Relation  of  specific  gravity  of  eggs  to  early  growth  of  chicks  hatched 
[Expressed  in  percentage  of  increase  in  weight  at  35  days  over  weight  at  hatch] 


Specific  gravity. 

101  to  200 

201  to  300 

301  to  400 

401  to  500 

501  to  600 

601  to  700 

701  to  800 

Total. 

1.03.  . 

I 

I 

I.OC.  . 

I 

4 
11 
12 

5 
2 

1 
5 
5 
6 

4 

1 
I 
I 

1 

3 
IS 
46 

38 
23 

3 

1.06 

5 
18 

17 
10 

1.07 

2 

9 
2 

3 

1 

1.08 

1. 00 

I 

1. 10   . 

Total..  .. 

I 

2 

16 

50 

35 

21 

4 

129 

r=—  o.II3±o.059. 

This  observation  made  on  129  chicks  indicates  that  there  is  no  correla- 
tion between  the  specific  gravity  of  eggs  and  the  early  growth  of  the  chick 
hatched. 

FACTORS  INFLUENCING  THE  SPECIFIC  GRAVITY  OF  EGGS 

Willard  and  Shaw2  report  the  analysis  of  large  numbers  of  hens'  eggs, 
giving  the  following  chemical  composition:  Water,  65.8  per  cent;  ether 
extract,  10.5  per  cent;  protein,  12.8  per  cent;  ash  in  yolk,  1.5  per  cent; 
ash  in  shell,  9.9  per  cent.  The  specific  gravity  of  the  shells  of  a  number 
of  eggs  was  determined  by  one  of  us  (Halbersleben)  and  was  found  to 
average  2.14.     The  average  specific  gravity  of  the  whole  eggs  in  this 


'Willard,  J.  R.,  and  Shaw,  R.  H.    analyses  of  eggs.     Kans.  Agr.  Exp.  Sta.  Bui.  159,  P-  143-177. 
1909. 
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group  was  1.07,  one-half  the  specific  gravity  of  the  shell.  The  albumen, 
constituting  approximately  10  per  cent  of  the  total  egg  volume,  has  a 
specific  gravity  of  1.3 1,  which  is  not  enough  greater  than  that  of  the 
whole  egg  to  have  much  influence  should  the  protein  content  of  the  egg 
vary  as  much  as  one-half  of  1  per  cent,  which  is  the  maximum  variation 
reported  from  analyses  of  a  large  number  of  eggs  as  reported  by  Willard 
and  Shaw.3  The  fat,  which  constitutes  approximately  12  per  cent  of 
the  total  volume  of  the  egg,  has  a  specific  gravity  of  0.881  (at  ioo°  C.).4 
Slight  variations  in  the  fat  content  of  the  egg  would  not  greatly  influence 
the  specific  gravity,  and  the  effect  of  an  increased  fat  content  would  be  a 
lower  specific  gravity. 

Variations  in  shell  weight  and  thickness  are  therefore  most  likely  to 
influence  the  specific  gravity  of  the  entire  egg,  since  the  specific  gravity  of 
the  shell  is  nearly  twice  as  great  as  that  of  the  albumen  and  more  than 
twice  that  of  the  fat  in  the  egg.  That  the  shell  material  has  a  most 
essential  function  in  the  nutrition  of  the  embryo  in  the  egg  is  known, 
for  the  chick  at  hatching  time  has  five  times  as  much  calcium  in  its 
skeletal  structure  as  is  present  in  the  egg  contents.  Harcourt  and 
Fulmer  5  report  (an  average  of  37  analysis)  0.03615  gm.  of  calcium  oxid 
in  egg  contents,  while  the  analysis  of  65  chicks  on  the  twentieth  day  of 
the  hatch  showed  a  calcium  oxid  content  of  0.19487  gm.  Normal  egg- 
shells, however,  contain  at  least  2.5  gm.  of  calcium  oxid,  so  that  even  thin- 
shelled  eggs  contain  enough  calcium  to  satisfy  all  requirements,  provided 
other  factors  influencing  its  assimilation  are  satisfactory. 

SUMMARY 

Our  conclusions  based  on  a  close  observation  of  958  eggs  and  the  sub- 
sequent growth  of  one  lot  of  150  chicks  hatched  are  as  follows: 

(1)  There  is  little  correlation  between  specific  gravity,  fertility,  and 
hatchability  of  hens'  eggs. 

(2)  The  specific  gravity  of  the  egg  has  no  relation  to  the  viability 
of  the  chick  hatched  or  to  its  growth  rate  the  first  five  weeks  after  hatch- 
es- 

(3)  Variations  in  the  thickness  of  the  shell  are  more  likely  to  influence 

the  specific  gravity  of  eggs  than  are  variations  in  protein  or  fat  content. 

'Willard,  J.  R.,  and  Shaw,  R.  H.  op.  cit. 

*  Spaeth,  Eduard.  der  nachweis  des  eigelbes  (eidotters)  to  mehlfabrikaten.  In  Forsch.-Ber. 
iiber  Eebensmittel  [etc.],  Jahrg.  3,  Heft  2,  p.  49-54.  German  abstract  in  Ztschr.  Nahr.-Untersuch.  [etc.), 
Jahrg.  io,  no.  9,  p.  171-173.    English  abstract  in  Analyst,  v.  21,  no.  246,  p.  233-234.    1896. 

6  Harcourt,  R.,  and  Fulmer,  H.  L.  chemical  work  to  connection  with  incubation  problems. 
In  Ontario  Dept.  Agr.  Bui.  163,  p.  57-66.     1908. 


TIME  REQUIRED  FOR  FOOD  TO   PASS  THROUGH  THE 
INTESTINAL  TRACT  OF  FOWLS1 

By  B.  F.  Kaupp  and  J.  E.  IvEY,  Laboratory  of  Poultry  Investigations  and  Pathology, 
North  Carolina  Agricultural  Experiment  Station 

INTRODUCTION 

As  a  preliminary  to  our  study  of  the  digestive  coefficients  of  poultry 
feeds  we  wished  to  run  some  tests  to  determine  the  length  of  time  required 
for  feed  to  pass  the  entire  length  of  the  digestive  tract.  The  length  of 
the  small  intestine  in  a  hen  of  average  size  is  about  61.7  inches,  and  that 
of  the  large  intestine  4.61  inches,2  making  a  total  of  66.3  inches,  which, 
added  to  the  length  of  the  second  portion  of  the  esophagus,  the  pro- 
ventriculous,  and  gizzard  makes  approximately  71.5  inches  for  the  food 
to  pass. 

THE  PROBLEM 

An  accurate  knowledge  of  the  length  of  time  required  for  the  food  to 
pass  the  entire  digestive  tract  has  a  bearing  on  the  time  at  which  it  is 
safe  to  save  excreta  from  the  bird  under  digestion  trial.  The  problem  is 
to  determine  just  the  length  of  time  required  for  food  to  pass  through 
the  entire  digestive  tract  so  that  a  safe  allowance  can  be  made  in  planning 
the  taking  of  data  of  feed  given  and  excreta  saved  for  analyses  during  the 
same  time. 

We  also  wished  to  determine  whether  the  rapidity  of  digestion  is  the 
same  in  growing  fowls,  broody  hens,  hens  not  in  laying,  and  hens  in 
laying. 

EXPERIMENTAL  METHODS 

Fowls  of  the  American  breeds  were  used  in  these  experiments.  Only 
hens  were  to  be  tested,  and  birds  2  to  3  years  of  age  were  selected. 

The  birds  were  kept  in  small  wire  coops  18  inches  square  with  i-inch 
chicken  netting  floor.  The  coop  stood  on  a  tin  pan  slightly  larger  than 
the  floor  of  the  coop.     This  pan  was  to  catch  the  excreta  as  it  was  voided. 

Ground  feeds,  such  as  wheat  middlings  and  corn  meal,  were  used  in 
which  was  incorporated  a  material  that  would  stain  the  digestive  con- 
tent and  indicate  just  when  the  food  passed  out  of  the  body.  The 
indicators  were  lampblack,   methylene  blue,  and  gentian  violet. 

THE  DATA 

Test  No.  r. — White  Plymouth  Rock  hen,  leg  band  No.  B36,  weight,  5.9  pounds. 
8  a.  m.     Fed  20  gm.  wheat  middlings  mixed  with  water  and  lampblack. 
2p.m.     First  evacuation;  a  trace  of  lampblack  appeared. 
4  p.  m.     Still  only  a  trace  of  lampblack  appeared.     Fed  20  gm.  wheat  middlings 

without  lampblack. 
6  p.  m.     Evacuation  showing  excreta  decidedly  black. 
8  a.  m.     Second  day.     20  gm.  middlings  and  water  given. 
8  a.  m.     Third  day.     After  48  hours  excreta  showed  slight  tinge  of  lampblack  on 

the  outer  surface  but  none  on  the  inner  particles.     20  gm.  middlings  mixed 

with  water  given. 
6  p.  m.     20  gm.  middlings  mixed  with  water  given. 
8  a.  m.     Fourth  day.     After  72  hours  excreta  normal;  no  trace  of  lampblack. 

Lampblack  appeared  in  6  hours  and  disappeared  in  72  hours. 

1  Accepted  for  publication  Jan.  16,  1922. 

2  Kaupp,  B.  F.     the  anatomy  of  the  domestic  fowl,  p.  148,  150,  fig.  31,  36,  37.     Philadelphia  and 
London,  19:8. 
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Test  No.  2. — White  Plymouth  Rock  hen,  leg  band  No.  142,  weight  6.8  pounds. 
8  a.  m.     Fed  20  gm.  wheat  middlings  mixed  with  water  and  lampblack. 
4  p.  m.     Fed  20  gm.  wheat  middlings  with  water  and  lampblack. 
6p.m.     First  excreta  passed;  lampblack  stained  excreta. 

8  a.  m.     Second  day.     20  gm.  middlings  given. 

6  p.  m.     Fed  20  gm.  middlings.     Excreta  still  black. 

8  a.  m.  Third  day.  20  gm.  middlings  given.  Excreta  nearly  normal;  only 
small  amount  of  lampblack  on  the  outside,  inside  of  mass  not  containing  any. 

6  p.  m.     20  gm.  middlings. 

8  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

In  this  test  the  first  voiding  of  excreta  after  the  feeding  of  the  lampblack  was  at 
6  p.  m.,  or  10  hours.     At  this  time  lampblack  in  small  amounts  appeared. 
All  lampblack  had  disappeared  at  the  end  of  72  hours. 
Test  No.  3.— White  Plymouth  Rock  hen,  leg  band  No.  Bio,  weight,  6.14  pounds. 

7  a.  m.     Fed  10  gm.  wheat  middlings  mixed  with  water  and  lampblack. 

1  p.  m.     First  evacuation;  excreta  black. 

2  p.  m.     Second  evacuation;  excreta  black. 

7  a.  m.     Fourth  day;  excreta  free  from  black. 

Lampblack  appeared  in  6  hours  and  disappeared  in  72  hours.     This  test  was  run 
with  a  broody  hen. 
Test  No.  4. — White  Plymouth  Rock  hen,  leg  band  No.  473,  weight,  5.14  pounds. 

7  a.  m.     Fed  10  gm.  wheat  middlings  mixed  with  water  and  lampblack. 

4  p.  m.  Fed  20  gm.  middlings,  no  lampblack.  No  excreta  were  voided  on  the 
first  day  after  feeding  with  lampblack. 

7  a.  m.     Second  day.     First  evacuation ;  excreta  black. 

7.30  a.  m.  Second  evacuation;  excreta  black.  This  bird  acted  as  though  con- 
stipated, since  no  further  excreta  were  voided  till  morning  of  the  fourth  day, 
or  72  hours.     No  lampblack  was  present  in  these  last  excreta. 

Owing  to  the  fact  that  no  excreta  were  voided  on  the  day  of  feeding  of  the  middlings 
and  lampblack,  it  is  impossible  to  tell  how  long  it  required  for  the  lampblack 
to  pass  the  entire  length  of  the  digestive  tract.  The  fact  that  the  excreta  were 
free  from  lampblack  on  the  fourth  day  and  after  the  72  hours  showed  this  test 
to  be  in  line  with  those  above.  This  test  was  run  with  a  broody  hen. 
Test  No.  5. — White  Plymouth  Rock  hen,  leg  band  No.  B148,  weight,  6  pounds. 

7  a.  m.     Fed  10  gm.  wheat  middlings  mixed  with  water  and  lampblack. 

4  p.  m.     Fed  20  gm.  middlings. 

7  p.  m.     Fed  20  gm.  middlings. 

9  p.  m.     First  excreta  voided;  excreta  black. 

7  a.  m.     Fourth  day.     Excreta  after  72  hours  normal;  no  lampblack. 

This  test  was  run  on  a  broody  hen.     First  excreta  voided  in  14  hours  and  showed 

lampblack.     Lampblack  traces  disappeared  after  72  hours. 
TEST  No.  6. — Single  Comb  White  Leghorn  hen,  in  laying  condition,  leg  band  No.  34, 

weight,  2.8  pounds. 
7  a.  m.     Fed  20  gm.  wheat  middlings  mixed  with  water  and  lampblack. 
10.30  a.  m.     First  excreta  voided;  excreta  black. 
11.20  a.  m.     Excreta  voided;  same  color  as  at  10.30  a.  m. 
7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 
Excreta  showed  in  3 .5  hours  that  food  had  passed  the  entire  length  of  the  intestinal 

tract. 
TEST  No.  7. — Chick,  leg  band  No.  32,  weight,  2  pounds. 

7  a.  m.     Fed  10  gm.  wheat  middlings  mixed  with  water  and  lampblack. 

10.50  a.  m.     First  excreta  voided;  excreta  black. 

7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

The  indicator  suggests  the  food  passing  through  this  2-pound  broiler  chick  in  4 

hours. 
Test  No.  8. — Chick,  leg  band  No.  36,  weight,  1.8  pounds. 

7  a.  m.     20  gm.  wheat  middlings  given  mixed  with  water  and  lampblack. 

10.55  a-  m-     First  excreta  voided;  trace  of  lampblack. 

11.40  a.  m.     Second  excreta  voided;  excreta  black. 

7  a.  m.     Fourth  dav.     After  72  hours  excreta  normal. 

In  this  test  the  excreta  voided  indicated  that  the  food  had  passed  through  the 

digestive  tract  in  approximately  4  hours. 
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Test  No.  9. — Buff  Plymouth  Rock  hen,  in  laying  condition,  leg  band  No.  26,  weight, 
5.5  pounds. 
7  a.  m.     Fed  20  gm.  wheat  middlings  mixed  with  water  and  lampblack. 
10  a.  m.     First  excreta  voided;  excreta  black. 
7  a.  m.     Fourth  day.     Excreta  normal. 

The  indicator  showed  that  food  had  passed  the  entire  digestive  tract  in  3  hours. 
An  egg  was  laid  the  first  day  of  the  experiment. 
Test  No.  10.— Buff  Plymouth  Rock  hen,  in  laying  condition,  weight,  6  pounds,  leg 
band  No.  28. 
7  a.  m.     Fed  20  gm.  wheat  middlings  with  water  and  lampblack. 
10.05  a-  m-     First  excreta  voided;  excreta  black. 
7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

The  indicator  showed  that  food  passed  through  the  intestinal  tract  in  approxi- 
mately 3  hours.     This  hen  laid  one  egg  on  the  first  day  of  the  experiment. 
Test  No.  ii. — Buff  Plymouth  Rock  hen,  weight,  6  pounds,  leg  band  No.  30,  in  laying 
condition. 
7  a.  m.     Fed  20  gm.  wheat  middlings  mixed  with  water  and  lampblack. 
10.00  a.  m.     First  excreta  voided;  lampblack  present. 
3.30  p.m.     Third  day.     All  trace  of  lampblack  gone. 

The  hen  laid  an  egg  each  of  the  first  two  days.     The  indicator  showed  that  food 
had  passed  the  entire  length  of  the  digestive  tract  in  approximately  3  hours. 
It  was  noted  in  the  latter  part  of  this  experiment  that  the  outside  of  the  fecal 
mass  was  black  and  the  inside  not  colored.     This  raised  the  question  as  to 
whether  lampblack  will  adhere  to  the  intestinal  mucosa  and  be  gradually 
eliminated  by  the  feces  as  it  passes  along.     In  the  small  intestines  where  the 
food  is  mixed  by  the  pouring  back  and  fourth  process,  it  evidently  would  be 
mixed  with  the  food.     With  these  ideas  in  mind,  it  was  decided  to  try  some 
tests  with  aniline  blue  dyes,  which  would  stain  the  feeds  but  not  be  in  a  form 
to  be  carried  along  mechanically  as  was  the  lampblack. 
Test  No.  12. — Columbian  Wyandotte  hen,  leg  band  No.  26,  weight,  5.4  pounds. 
7  a.  m.     Fed  5  gm.  whole  corn  soaked  in  gentian  violet  water. 
4  p.  m.     Given  20  gm.  soaked  in  gentian  violet  water. 

7.30  a.m.     Second  day.     First  evacuation.     Excreta  watery  in  consistency  and 
greenish  in  color,  indicating  at  first  a  tendency  to  constipation  and  later 
diarrhea. 
This  test  was  considered  unsatisfactory. 
Test  No.  13.— Columbian  Wyandotte  hen,  leg  band  No.  28,  weight,  5.6  pounds. 

7  a.  m.     Fed  4  gm.  whole  corn  soaked  in  gentian  violet  water.     There  was  no 

evacuation  during  the  day. 
8.45  a.  m.     Second  day.     First  evacuation  watery  in  consistency  and  greenish 

in  color. 
This  test  was  unsatisfactory  for  same  reason  as  No.  12. 
Test  No.  14. — Columbian  Wyandotte  hen,  leg  band  No.  31,  weight  6  pounds. 
7  a.  m.     Fed  3  gm.  whole  corn  soaked  in  gentian  violet  water. 

6  p.  m.     First  evacuation,  greenish  and    watery  in    consistency.     The  consti- 

pating effect  was  not  so  great  as  in  the  two  previous  cases. 
This  test  was  considered  unfavorable  and  unsatisfactory. 
Test  No.  15. — Columbian  Wyandotte  hen,  leg  band  No.  32,  weight  5.7  pounds. 

7  a.  m.     Fed  10  gm.  whole  corn  soaked  in  gentian  violet  water. 

9  a.  m.  Second  day.  First  evacuation.  Feces  greenish  and  watery.  The  hen 
appeared  weak.  Again  the  gentian  violet  appeared  to  cause  constipation 
followed  by  diarrhea,  apparently  due  to  irritation  of  the  mucosa  of  the  bowel. 

This  test  was  considered  unsatisfactory. 
Test  No.  16. — Buff  Plymouth  Rock  hen,  leg  band  No.  26,  weight  5.8  pounds. 

8.30  a.  m.     Fed  corn  meal  mixed  with  methylene  blue  water. 

11.40  a.  m.     First  excreta  voided;  excreta  blue. 

7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

Food  passed  through  the  intestinal  tract  in  3  hours  and  10  minutes.     There  was 
some  irritation.     This  bird  was  in  laying  condition. 
TEST  No.  17. — Buff  Plymouth  Rock  hen,  leg  band  No.  28,  weight  6  pounds. 

8.30  a.  m.     Fed  35  gm.  corn  meal  mixed  with  methylene  blue  water. 

11.00  a.  m.  First  excreta  voided.  Excreta  were  blue.  There  was  some  irrita- 
tion at  this  time,  evidenced  by  slight  watery  condition  of  the  excreta. 

8.30  a.  m.     Fourth  day.     After  72  hours  all  traces  of  the  blue  had  disappeared. 

Food  passed  through  the  digestive  tract  in  2  hours  and  30  minutes.  This  bird  was 
in  laying  condition.     There  was  again  evidence  of  irritation. 


724  Journal  of  Agricultural  Research  vol.  xxra,  No.  9 


Test  No.  18.— Buflf  Plymouth  Rock  hen,  leg  band  No.  30,  weight  5.9  pounds. 
8.30  a.  m.     Fed  8  gm.  corn  meal  mixed  with  methylene  blue  water. 
9.00  a.  m.     First  excreta  were  voided;  only  very  slight  traces  of  methylene  blue 

could  be  detected. 
4.30  p.  m.     Second  evacuation;  excreta  blue. 

The  first  passage  was  in  30  minutes  and  indicated  that  if  food  is  given  on  any  empty 
crop  and  mixed  with  methylene  blue  slight  staining  of  the  food  in  the  cloaca 
may  occur  in  that  space  of  time.     The  reaction  was  constipation  followed  by 
looseness  of  the  bowels,  as  with  the  gentian  trials.     At  the  end  of  72  hours  no 
trace  of  the  methylene  blue  could  be  detected. 
Test  No.  19. — Buff  Plymouth  Rock  hen,  leg  band  No.  32,  weight  5.7  pounds. 
8.30  a.  m.     Fed  30  gm.  corn  meal  mixed  with  methylene  blue  water. 
«-  11.40  a.  m.     First  excreta  were  passed;  excreta  blue 
8.30  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 
H§  *  The  first  indication  was  at  3  hours  and  10  minutes.     There  was  again  evidence  of 
irritation.     The  hen  was  in  laying  condition,  having  laid  two  eggs  during  the 
trial. 
Test  No.  20. — Buff  Plymouth  Rock  hen,  leg  band  No.  34,  weight  6.1  pounds. 

8.30  a.  m.     Fed  31  gm.  corn  meal  mixed  with  methylene  blue  water. 
-'-  8.30  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 
i    Indicator  showed  food  passed  entire  digestive  tract  in  3  hours  and  30  minutes. 
Hen  was  in  laying  condition.     Methylene  blue  caused  irritation. 
Test  No.  21. — Buff  Plymouth  Rock  hen,  leg  band  No.  36,  weight  6.3  pounds. 
7  a.  m.     Fed  7  cc.  methylene  blue  water  mixed  with  com  meal. 
7.30  a.m.     Second  day.     First  evacuation;  excreta  blue. 
7.30  a.  m.     Third  day.     After  48  hours  all  blue  had  disappeared. 
This  bird  was  not  in  laying  condition.     The  first  effect  was  that  of  constipation, 
the  first  evacuation  being  23  hours  after  the  test  meal  was  given. 
Test  No.  22. — White  Plymouth  Rock  hen,  leg  band  No.  115,  weight  6.5  pounds. 
7  a.  m.     Fed  20  gm.  corn  meal  mixed  with  lampblack. 
10.20  a.  m.     First  excreta  voided;  excreta  black. 
7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

This  hen  was  in  laying  condition,  laying  an  egg  on  each  of  the  three  days  of  the 
test.     The  food,  as  indicated  by  the  lampblack,  passed  the  entire  length  of 
the  digestive  tract  in  3  hours  and  20  minutes. 
Test     No.  23. — White  Plymouth  Rock  hen,  leg  band  No.  65,  weight  5.8  pounds. 
7  a.  m.     Fed  20  gm.  corn  meal  in  which  was  incorporated  lampblack. 
12.20  p.  m.     First  excreta  voided;  excreta  black. 
7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 

The  first  colored  excreta  were  passed  in  5  hours  and  20  minutes.     The  hen  was 
in  laying  condition,  laying  each  day  of  the  test. 
Test  No.  24. — White  Plymouth  Rock  hen,  leg  band  No.  100,  weight  6.3  pounds. 
7  a.  m.     Fed  20  gm.  corn  meal  mixed  with  lampblack. 
2  p.  m.     First  excreta  passed;  excreta  black. 
7  a.  m.     Fourth  day.     Excreta  normal. 

The  first  excreta  were  voided  in  7  hours.     This  hen  was  broody.     Broody  hens 
apparently  do  not  have  as  many  evacuations  as  other  hens  and  the  quantity 
evacuated  is  greater,  as  indicated  by  this  hen. 
Test  No.  25. — Partridge  Plymouth  Rock  hen,  leg  band  No.  112,  weight  5.3    pounds. 
7  a.  m.     Fed  20  gm.  corn  meal  in  which  was  incorporated  lampblack. 
1.20  p.  m.     First  excreta  voided;  excreta  black. 
7  a.  m.     Fourth  day.     After  72  hours  excreta  normal. 
The  first  excreta  indicating  lampblack  was  voided  in  6  hours  and  20  minutes. 

DISCUSSION 

Of  the  two  White  Plymouth  Rock  hens  not  in  laying  condition,  one 
passed  wheat  middlings  in  6  hours  and  the  other  in  10  hours,  or  an 
average  of  8  hours. 

In  the  test  with  one  Single  Comb  White  Leghorn,  in  laying  condition, 
the  wheat  middlings  passed  through  the  intestinal  tract  in  3^  hours. 
Of  the  three  Buff  Plymouth  Rock  hens,  in  laying  condition,  two  passed 
wheat  middlings  in  3  hours  and  the  third  in  3  hours  and  5  minutes.  Of 
the  two  White  Plymouth  Rock  hens  laying  during  the  tests,  corn  meal 
passed  through  the  digestive  tract  of  one  in  3  hours  and  20  minutes 
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and  of  the  other  in  5  hours  and  20  minutes,  or  an  average  for  these  two 
of  4  hours  and  20  minutes.  An  average  of  the  six  tests  with  laying  hens 
showed  that  food  passed  the  entire  digestive  tract  in  3  hours  and  46 
minutes. 

Of  the  three  White  Plymouth  Rock  hens  that  were  broody,  one  passed 
the  wheat  middlings  through  the  intestinal  tract  in  6  hours,  the  second 
in  24  hours,  and  the  third  in  14  hours,  or  an  average  for  these  three  of 
14^  hours.  Of  two  White  Plymouth  Rock  hens  in  a  broody  condition, 
given  corn  meal,  one  passed  food  through  the  digestive  tract  in  7  hours 
and  the  other  in  6  hours  and  20  minutes,  or  an  average  for  the  five 
broody  hens  of  1 1  hours  and  45  minutes. 

Of  the  two  chicks  weighing  approximately  2  pounds  each,  one  passed 
the  wheat  middlings  through  the  intestinal  tract  in  3  hours  and  50 
minutes  and  the  other  in  3  hours  and  55  minutes,  making  an  average 
of  3  hours  and  52  minutes. 

Of  the  two  chicks  weighing  approximately  2  pounds  each,  one  passed 
the  wheat  middlings  through  the  intestinal  tract  in  3  hours  and  50 
minutes  and  the  other  in  3  hours  and  55  minutes,  making  an  average  of 
3  hours  and  52  minutes. 

Of  four  Columbian  Wyandotte  hens  not  in  laying  condition,  one 
consumed  5  gm.  whole  corn  soaked  in  gentian  violet  water  and  voided 
first  excrement  in  24  hours ;  the  second  consumed  4  gm.  and  passed  the 
first  tinted  excreta  in  25  hours;  the  third  ate  3  gm.  and  passed  the  first 
tinted  excreta  in  26  hours.  From  this  it  is  evident  that  gentian  violet 
causes  constipation  followed  by  a  looseness  of  the  bowels  indicating 
irritation  to  the  mucosa  of  the  bowel. 

Of  six  Buff  Plymouth  Rock  hens  in  laying  condition,  two  consumed 
30  gm.  whole  corn  soaked  in  methylene  blue  water  and  voided  the  first 
tinted  excreta  in  3  hours  and  10  minutes;  the  third  consumed  35  gm. 
whole  corn  and  voided  tinted  excreta  in  2  hours  and  30  minutes;  the 
fourth  consumed  31  gm.  corn  meal  and  voided  tinted  excreta  in  3  hours 
and  30  minutes;  the  fifth  consumed  8  gm.  corn  meal  and  voided  the 
first  tinted  excreta  in  1  hour  and  30  minutes;  the  sixth  consumed  7 
gm.  corn  meal  and  voided  the  first  tinted  excreta  in  23  hours. 

In  these  tests  there  was  a  tendency  for  small  amounts  of  methylene 
blue  to  cause  constipation  and  larger  doses  to  cause  irritation  with 
specks  of  blood  on  the  semiliquid  evacuations.  There  was  only  one 
exception  to  this  tendency  and  that  was  the  bird  that  consumed  8  gm. 
of  corn  and  evacuated  in  1  hour  and  30  minutes. 

SUMMARY 

Digestive  processes  of  the  fowl  are  rapid.  The  greatest  rapidity  is 
shown  in  the  laying  and  the  growing  fowl,  the  passage  of  food  requiring 
on  an  average  3  hours  and  52  minutes  for  growing  fowls  and  3  hours 
and  46  minutes  for  laying  hens.  Next  in  activity  comes  the  adult  hen 
not  in  laying  condition,  requiring  8  hours,  and  then  the  broody  hen, 
requiring  an  average  of  1 1  hours  and  44  minutes. 

It  was  noted  that  broody  hens  behaved  the  same  in  the  experimental 
coops  as  on  the  nest;  that  is,  the  evacuations  were  fewer  and  the  quantity 
evacuated  each  time  increased  over  that  of  a  normal  hen. 

We  have  not  taken  as  accurate  the  fowls  in  which  gentian  violet  or 
methylene  blue  were  given,  as  it  exercised  influence  on  the  normal 
function  of  the  intestinal  tract. 

In  all  these  tests  the  hens  were  placed  in  the  coops  the  day  before  the 
trial  so  that  the  crop  was  empty  when  the  test  feed  was  given. 


EFFECTIVENESS   OF  MULCHES   IN   PRESERVING   SOIL 

MOISTURE l 

By  F.  S.  H arris, 2  formerly  Director  and  Agronomist,  and  H.  H.  Yao,  Fellow  in  Agron- 
omy, Utah  Agricultural  Experiment  Station 

INTRODUCTION 

The  effective  preservation  of  soil  moisture  is  one  of  the  vital  problems 
which  confront  the  dry  farmer  and  the  scientist.  Any  cultural  method 
that  has  the  power  of  conserving  moisture  in  the  soil  is  a  great  asset 
toward  solving  the  dry-farming  problem.  But  the  question  of  the  effec- 
tiveness of  mulches  has  been  much  disputed.  While  in  a  majority  of 
cases  scientists  have  reported  favorable  results  with  the  application  of 
mulches,  under  different  conditions  the  same  mulches  have  not  answered 
the  purpose.  Indeed,  the  literature  pertaining  to  this  subject  presents 
such  varied  opinions  that  it  inaugurates  complexity  into  the  significance 
of  mulching.  The  need  of  a  more  thorough  study  of  the  problem  led 
to  the  work  reported  in  this  paper.  Literature  on  this  subject  is  much 
scattered,  and  no  attempt  has  been  taken  to  include  all  in  this  article. 
Only  those  statements  that  are  closely  related  to  the  subject  matter  have 
been  briefly  summarized.  The  results  of  the  following  experiments 
are  tabulated  from  averages  of  thousands  of  measurements. 

HISTORICAL  REVIEW 

OBJECT  OF  MULCHING 

The  object  of  mulching  is  to  preserve  a  uniform  degree  of  moisture 
(j6)3  and  to  hold  more  water  in  the  soil,  the  effectiveness  of  which  is 
brought  about  by  diminishing  the  direct  influence  of  the  agencies  of 
evaporation  and  by  retarding  the  capillary  rise  of  water  to  the  surface 
(22,  48). 

EFFECTIVENESS  OF  MULCHING 

The  pioneer  on  mulch  work  was  Wilhelm  (46,  47),  who  observed  that 
soils  shaded  by  growing  plants  contain  the  least  moisture,  others  covered 
with  stones  and  other  lifeless  objects  contain  most,  while  bare  soils 
stand  intermediate.  This  has  been  confirmed  by  later  workers  such  as 
King  (20,  p.  105),  who  stated  that  mulched  soils  contained  more  moisture 
to  the  depth  of  3  feet  than  rolled  soils,  Wollny  (48,  p.  854-859)  and 
Harris  and  Turpin  (14),  who  found  that  the  effect  of  mulches  was  notice- 
able several  feet  below  the  surface  of  the  ground  but  that  the  surface 
foot  showed  the  greatest  benefit.  Field  investigations  by  Kedzie  (16) 
indicate  that  to  a  depth  of  16  inches  cultivated  plots  had  3  per  cent 
more  moisture  than  naked  fallow. 
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MULCH  MATERIALS 

Any  lifeless  object  can  be  used  for  mulching  (46;  47;  48,  p.  854-859). 
Warington  (42)  has  said  that  the  evaporation  from  the  soil  may  be  con- 
siderably diminished  by  protective  coverings,  such  as  stones,  earth 
mulch,  farmyard  manure,  straw,  dead  leaves,  or  coconut  fiber.  Clover 
hay  (17),  straw  (8),  hay  (10),  seaweed  (33),  shingle  edgings  (13,  p.  24-26) 
sawdust  (13,  p.  24-26)  and  grass  (17;  34,  p.  91-93;  39;  41)  had  been  used 
for  experimental  purposes  with  favorable  results  on  the  yield  of  crops. 
It  was  reported  by  Shimm  (39)  that  barnyard  manure  was  more  effective 
than  straw  or  fresh  manure,  in  that  it  held  more  moisture  and  secured  a 
more  uniform  moisture  content  in  the  soil  to  the  depth  of  4  feet.  Halsted 
(10)  used  fresh  hay,  salt  hay,  and  excelsior  for  mulching,  but  he  failed  to 
find  any  appreciable  difference  in  the  yield  of  peppers,  egg  plants,  cu- 
cumbers, tomatoes,  beets,  or  beans.  Munson  (32)  concluded  that  shingle 
edgings  were  excellent  for  mulching  either  apple  trees  or  strawberries, 
but  that  a  fine  dust  cover  could  not  be  excelled  for  gooseberries.  Harris 
and  Turpin  (14)  found  straw  mulch  to  be  better  than  2 -inch  cultivation. 

DEPTH  OF  MULCHING 

Laboratory  experiments  on  the  evaporation  of  moisture  from  the  soil 
under  the  mulches  proved  that  the  effectiveness  increases  with  the  depth 
(9,  24).  Under  the  field  conditions  the  same  does  not  follow  the  general 
rule.  Sanborn  (35)  and  Cardon  (6)  recommended  shallow  cultivation  in 
preference  to  deep  cultivation.  King  (21)  found  the  soil  below  a  3-inch 
cultivation  to  be  more  moist  than  that  below  1.5-inch  cultivation, 
although  the  third  and  fourth  feet  showed  reversed  results,  which  are 
confirmed  by  Chilcott  and  Holm  (7).  Shinn  (39)  reported  a  3-inch 
barnyard  manure  mulch  to  be  more  effective  than  a  5-inch  earth  mulch, 
6-inch  straw  mulch,  or  3-inch  fresh  manure  mulch.  Investigations  by 
King  (24)  showed  that  shallower  depths  of  stirring  are  to  be  preferred  to 
the  deeper  for  long-interval  cultivations.  That  a  deep  mulch  main- 
tained during  a  season  of  small  rainfalls  may  waste  more  water  than  is 
saved  on  account  of  the  fact  that  small  rainfalls  are  wholly  retained  in 
the  upper  layers  of  the  mulch  and  lost  directly  and  completely  to  the 
air,  whereas  if  the  mulch  has  been  thin  enough  to  wet  through,  capil- 
larity would  draw  a  portion  of  the  water  downward  into  the  undistubed 
soil  to  render  effective  service  when  conserved  by  subsequent  cultivation. 
The  work  of  Burr  (5,  p.  53-84)  showed  straw  mulches,  deep  cultivation, 
and  shallow  cultivation  to  rank  in  effectiveness  in  the  order  named. 

EVAPORATION   OF    MOISTURE   FROM   DIFFERENT   SOIL   CLASSES 

As  the  soil  particles  diminish  in  size  there  is  a  large  increase  in  the 
quantity  of  moisture  brought  to  the  surface  (15).  This  is  merely  due  to 
the  surface  distribution  of  water.  Meister  (30)  has  pointed  out  that  the 
amount  of  water  retained  by  soils  depends  upon  the  coarseness  or  fineness 
of  the  particles ;  the  less  the  internal  surface  of  the  mass,  the  smaller  will 
be  the  proportion  of  water  retained.  When  fully  saturated  with  water, 
sandy  soils  contain  30.4  per  cent  of  water;  clay,  38.5;  chalk  soil,  39.2; 
loam,  45.4;  and  garden  earth,  76.8.  King  (18,  p.  197;  19,  p.  152),  Lough- 
ridge  and  Hilgard  (26,  p.  80-91),  and  Lawes  and  Gilbert  (25,  p.  no) 
have  obtained  somewhat  similar  results. 
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MOVEMENT   OF   SOII,  MOISTURE 

Soils  have  a  great  attractive  and  adhesive  force  for  water  (2) .  The 
retention  of  water  on  the  surface  of  soil  particles,  despite  gravitation, 
is  due  to  surface  tension  (3) .  The  surface  of  the  film  of  water  encircling 
a  soil  particle  is  in  an  elastic  condition  exerting  a  considerable  pressure. 
If  the  films  of  water  became  thicker  and  heavier,  a  part  of  the  water  would 
gradually  pass  out,  and  if  the  films  became  thinner  they  would  acquire  the 
power  of  absorbing  and  retaining  fresh  supplies  of  neighboring  water. 
Briggs  and  Lapham  (4)  have  attributed  the  cause  of  the  movement  of 
soil  moisture  to  viscosity,  concentration  of  solution,  surface  tension,  and 
moisture  film  curvature.  Lynde  and  Dupre  (28)  believe  that  osmosis 
may  cause  a  considerable  movement.  King  (23)  and  Alway  and  Clark 
(/)  have  demonstrated  the  movement  of  moisture  in  the  soil.  Water 
always  tends  to  move  from  the  wet  to  the  dry  soils  (14).  Briggs  (j), 
Briggs  and  Lapham  (4),  Widtsoe  and  McLaughlin  (43),  and  Loughridge 
(27)  have  shown  that  the  final  distribution  leaves  the  most  moisture 
nearest  the  source  of  supply  and  the  least  farthest  away. 

EFFECT  OF  CULTIVATION  ON  THE  TRANSPIRATION  OF  PLANTS 

Sleskin  (40)  and  Schroeder  (37)  have  determined  the  water  require- 
ment of  plants  under  cultivation  by  growing  beets  in  cultivated  and 
cement-covered  plots.  They  found  the  proportion  of  beet  crop  grown 
under  cultivation  to  that  which  received  the  cement-covered  treatment  to 
be  26.9  to  16. 1.  At  the  end  of  the  experiment,  the  soil  under  the  cement- 
covered  plot  contained  more  moisture  than  that  under  the  cultivated  plot. 
Experiments  by  Widtsoe  (43  p.  14-23)  led  to  the  opposite  conclusion. 
The  transpiration  ratio  was  invariably  smaller  on  the  cultivated  than  on 
the  uncultivated  soils.  On  the  college  loam,  the  ratios  on  the  cultivated 
and  uncultivated  plots  were  252  and  603;  on  the  sandy  clay,  428  and 
535;  and  on  the  infertile  clay,  582  and  750.  The  favorable  effect  of 
cultivation  was  shown  in  the  great  reduction  in  the  water  cost  of  dry 
matter  resulting  from  simple  tillage. 

As  a  general  rule,  the  more  water  offered  the  plant  the  larger  the  total 
yield  of  dry  matter  {38,  44).  Mayer  (29)  found  that  the  yield  increases 
with  the  increase  in  soil  saturation  up  to  a  certain  point,  after  which 
there  is  a  strong  diminution  in  the  yield  of  dry  matter.  Harris  (11) 
and  Morgan  (31)  have  proved  that  the  transpiration  ratio  increases  as 
quantity  of  water  added  to  the  soil  increases — that  is,  the  water  cost  of 
crops  becomes  larger  as  more  water  is  used. 

TIME  OF  TILLAGE 

Harris  and  Jones  (13,  p.  24-26)  collected  moisture  samples  from  the 
Nephi  substation  showing  that  the  moisture  content  of  the  fall-plowed 
and  spring-plowed  plots  receiving  like  treatments  was  practically  same  in 
all  cases.  The  percentage  moisture  of  the  spring-plowed  plots  increased 
slightly  with  depth  of  cultivation,  while  the  fall-plowed  plots  slightly 
decreased  inversely  with  depth  of  cultivation.  Straw  mulch  on  the  fall- 
plowed  land  is  the  most  effective.  In  comparing  fall  plowing  with  spring 
plowing,  Harris,  Bracken,*and|Jensen  (12,  p.  30-37)  did  not  find  any 
material  difference  in  the  yield  of  Turkey  wheat.     Cardon  (6)  has  shown 
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that  the  4-year  average  moisture  content  was  higher  in  the  spring-plowed 
plots;  but  the  first  2  feet  of  the  fall-plowed  plots  contained  a  higher 
percentage  of  moisture. 

MULCH  VERSUS  NO  MULCH 

In  order  to  demonstrate  the  effectiveness  of  mulching  in  preserving 
moisture  in  the  soil,  an  experiment  was  carried  out  by  using  sand  im- 
mersed in  water.  The  sand  was  of  uniform  physical  structure,  passed 
through  a  100-mesh  sieve.  It  was  placed  to  the  depth  of  3  inches  in 
a  round  can,  6  inches  in  diameter.  The  bottom  was  perforated,  so  that 
when  the  can  was  immersed  in  water,  the  soil  could  be  completely  satu- 
rated through  its  capillary  system.  The  experiment  consisted  of  free 
water  surface,  bare  sand,  and  a  i-inch  straw  mulch.  Each  set  was  per- 
formed in  triplicate  to  eliminate  experimental  error.  The  experiment 
extended  from  April  5  to  May  7,  and  during  these  33  days  the  loss  of 
moisture  is  recorded  in  Table  I. 

Taking  the  moisture  lost  from  the  bare  sand  as  1,000  per  cent,  then 
that  which  is  lost  from  the  soil  under  the  i-inch  straw  mulch  amounts 
to  40  per  cent.  In  fact,  between  the  free  water  surface  and  bare  sand 
there  is  only  a  difference  of  8  per  cent  in  favor  of  the  latter.  Thus  it  is 
to  be  concluded  from  this  experiment  that  a  i-inch  straw  mulch,  other- 
wise under  identical  conditions,  is  capable  of  preserving  60  per  cent 
more  moisture  in  the  soil  than  without  mulching. 

Table  I. — Loss  of  moisture  during  the  33-day  test 


Can  No. 


I 

2 

3 

Average  loss 


Free  water 
surface. 


Cc. 
1,425-3 
I,323-7 
1,404.  2 


I,  384.  4 


Bare  sand. 


Cc. 
I,  160.  5 

1,  144-  3 
1,  102 


1,  i35-  6 


Straw 
mulch. 


Cc. 

480.  4 

439-7 
437-9 


452-7 


EFFECTIVENESS  OF  DIFFERENT  MULCH  MATERIALS 

With  the  effectiveness  of  mulching  ascertained,  the  question  of  the 
relative  effectiveness  of  mulch  materials  naturally  arises.  Almost  any 
lifeless  material  can  be  used  for  mulching,  but  the  relative  effectiveness 
of  the  different  mulch  materials  varies  according  to  their  physical  and 
chemical  properties.  For  the  purpose  of  comparison,  five  kinds  of  mulch 
materials  were  used — fresh  manure,  wood  shavings,  grass,  hay,  and  straw — 
all  maintained  uniformly  at  the  depth  of  1  inch. 

It  is  seen  from  Table  II  that  so  far  as  the  conservation  of  moisture  is 
concerned,  straw  is  by  far  the  most  effective,  and  then  come  hay,  grass, 
wood  shavings,  and  manure,  in  the  order  of  their  effectiveness.  The 
difference  between  the  first  and  the  last  is  54.1  per  cent;  hence  the  im- 
portance in  choosing  the  proper  type  of  mulch  material.  Such  a  pro- 
found difference  demands  an  elucidation.  It  was  observed  that  the 
straw  was  the  most  loose  and  open,  whereas  the  manure  mulch  formed 
a  uniform  and  compact  covering.  When  the  experiment  was  over, 
the  mulches  were  removed  and  their  moisture  content  determined 
(Table  III). 
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Table  II. — Loss  of  moisture  during  33-day  test 


Can  No. 

Manure. 

Wood 

shavings. 

Grass. 

Hay. 

Straw. 

Cc. 
1,004.4 
980.  7 
980.5 

Cc 
82?.  O 

Cc. 
670.  c 

Cc. 
674.I 
661.  1 

656-3 

Cc. 
480.  4 

782.  6       665.  2 
772.  8       668.  6 

439-7 
437-9 

Average  loss  with  manure  as  100  per 
cent 

987-5 

70'?.  <        670.  a. 

663.8 

452-7 

Table  III. — Percentage  of  moisture  content  of  mulches 


Manure. 

Shavings. 

Grass. 

Hay. 

Straw. 

144.  7 

23.  2 

22.  7 

20 

II.  8 

A  comparison  of  Table  III  with  the  foregoing  will  show  that  there  is 
a  correlation  between  the  moisture  lost  from  the  soil  and  the  moisture 
contained  in  the  mulches.  The  moisture  content  of  the  mulches  varies 
from  144.7  per  cent  for  the  manure  to  11.8  per  cent  for  the  straw,  and 
the  total  moisture  lost  from  the  soil  varies  accordingly.  That  is  to  say, 
the  more  absorptive  the  mulch  the  more  moisture  is  lost  from  the  soil. 
Since  the  purpose  of  a  mulch  is  to  check  the  soil  surface  from  exposure 
to  the  physical  agencies  of  evaporation,  the  less  absorptive  the  mulch 
the  less  water  is  brought  up  to  the  surface  to  be  exposed  and  therefore 
the  more  moisture  is  held  in  the  soil.  Due  to  the  large  amount  of  colloid 
matter  present  in  the  manure,  it  is  capable  of  absorbing  water  one  and 
one-half  times  its  own  weight,  while  the  dry  straw  absorbs  only  one- 
tenth  of  its  weight.  With  different  quantities  of  water  distributed  in 
approximately  equal  volumes  of  manure  and  straw,  it  stands  to  reason 
that  there  should  be  more  exposed  by  the  former  than  by  the  latter. 
The  same  principle  can  be  applied  to  the  intermediate  mulches. 

However,  the  preceding  tables  do  not  show  a  reasonably  close  correla- 
tion between  the  moisture  lost  from  the  soil  and  the  moisture  content 
of  the  mulches,  which  tends  to  show  that  there  must  be  some  other  factor 
or  factors  which  exercise  a  certain  degree  of  influence  upon  the  effective- 
ness of  the  different  mulch  materials.  That  the  effectiveness  of  mulch 
materials  is  materially  influenced  by  their  capillary  system  is  proved 
conclusively  by  a  similar  set  of  mulches  suspended  in  wire  gauze.  The 
mulches,  otherwise  the  same,  were  suspended  about  %  inch  above  the  soil 
surface,  so  that  the  direct  capillary  system  between  the  soil  and  the 
mulches  was  severed.     The  results  are  shown  in  Table  IV. 

Table  IV. — Loss  of  moisture  through  mulches  in  contact  and  mulches  in  suspension, 

illustrating  the  action  of  capillarity 


Straw. 


Mulches  in  contact 

Mulches  in  suspension 

Difference 

Percentage  of  loss  due  to  absorption. 
Percentage  of  loss  due  to  capillarity. 

27134—23 5 


Shavings. 

Hay. 

Grass. 

Manure. 

Cc. 

Cc. 

Cc. 

Cc. 

793-5 

663.8 

670.4 

987-5 

431-5 

392.2 

471.  2 

785.2 

362.0 

271.  6 

199.2 

202.3 

53-6 

59-  1 

70.3 

79-  5 

46.4 

40.9 

29.7 

20.  5 

Cc. 

452.7 

387.8 

64.9 

S3-? 
16.3 
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The  word  "  absorption  "  as  used  in  Table  IV  is  construed  to  mean  more 
than  the  retentive  power  of  the  mulches,  but  includes  any  water  that  has 
escaped  through  the  mulches  other  than  by  the  capillary  action.  The 
difference  is  brought  about  by  the  severence  of  the  capillary  system 
between  the  soil  surface  and  the  mulches,  or,  in  other  words,  it  is  the 
total  moisture  lost  minus  that  which  is  evaporated  through  the  capillary 
action  of  the  mulches.     It  may  be  noted  that  in  every  case  there  is  more 
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Fig.  i. — Diagram  showing  the  relative  losses  of  moisture  from  sand  with  the  application  of  different  kinds 

of  mulch  materials. 

loss  due  to  absorption  than  to  capillarity,  although  with  the  wood  shav- 
ings the  difference  is  trifling.  From  what  has  been  said,  the  general 
rule  may  be  laid  down  safely  that  an  effective  mulch  must  be  constituted 
of  that  kind  of  a  material  which  does  not  absorb  or  retain  moisture 
readily  and  which  forms  practically  no  capillary  system  in  itself.  A 
mulch  material  like  manure,  which  is  very  porous  and  therefore  holds  a 
good  deal  of  moisture,  should  not  be  allowed  to  stand  on  the  soil  except 
in  wet  seasons,  but  must  be  turned  under  and  thoroughly  mixed  with 
the  soil  before  the  dry  season  starts  in,  otherwise  excessive  evaporation 
is  likely  to  take  place  and  the  fertility  of  the  manure  will  deteriorate. 
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DEPTH   OF  MULCHING 

The  depth  of  mulching  has  just  as  much  bearing  upon  the  soil  moisture 
as  the  mulch  material.  Experiments  were  carried  out  with  straw  and 
sawdust  in  galvanized  tubes,  36  inches  tall,  all  having  the  same  diameter 
of  3.5  inches.  The  bottom  of  the  tubes  was  perforated  to  allow  free 
passage  of  water  with  the  aid  of  the  capillary  action  of  sand.  The 
depths  tested  were  1  inch,  2,  3,  and  4  inches.  Water  measurements 
were  taken  on  May  31  and  were  followed  up  at  various  intervals  until 
June  28. 

Table  V. — Loss  of  moisture  during  60  days  with  different  depths  of  mulches 


Depth. 

Sawdust. 

Straw. 

Inches. 

Cc. 

Cc. 

I 
2 

309 
173 

250 
162 

3 

no 

112 

4 

104 

109 

During  the  same  period  the  unmulched  or  bare  sand  lost  531  cc. 
of  water.  This  will  serve  to  illustrate  the  point  that  the  efficiency  of  a 
mulch  increases  with  its  depth.  In  both  cases  more  water  is  saved 
when  the  depth  is  increased.  Between  sawdust  and  straw,  when  the 
depth  is  beyond  2  inches,  there  does  not  seem  to  be  any  material  differ- 
ence in  the  amount  of  moisture  lost,  but  with  the  2-inch  and  especially 
the  1 -inch  mulches,  straw  is  more  efficient. 

MULCH   ACTIVITY  UPON   DIFFERENT   SOIL  CLASSES 

As  the  soil  particles  diminish  in  size,  and  therefore  increase  in  surface, 
more  water  is  brought  to  the  surface.  Soils  that  contain  any  appreciable 
amount  of  porous  bodies,  hydrates,  or  colloid  matter  have  a  larger 
water-holding  capacity.  Since  the  rate  of  evaporation  is  proportional 
to  the  moisture  content  and  the  extent  of  exposure  of  the  soil  particles, 
different  classes  of  soil  naturally  will  evaporate  variable  quantities  of 
moisture. 

This  subject  in  question  is  studied  in  connection  with  mulches. 
Duplicate  samples  of  sand,  loam,  and  clay  were  mulched  with 
1  inch  of  hay. 

Table  VI. — Loss  of  moisture  during  55  days  from  different  classes  of  soils  under  i-inch 

straw  mulch 


Sand. 

Clay. 

Loam. 

Cc. 
736 

Cc. 

759 

Cc. 
846 

The  same  principle  seems  to  govern  the  evaporation  ratio  of  these 
three  classes  of  soils.  Sand,  being  much  coarser  than  either  clay  or  loam, 
lost  the  least  quantity  of  water.  Loam  lost  the  most  moisture  because 
its  physical  structure  is  much  finer  and  yet  passage  of  water  is  not 


734 


Journal  of  Agricultural  Research  vol.  xxm,  no.  9 


interfered  with.  Clay  has  the  finest  particles,  and  accordingly  it  might 
have  been  expected  to  lose  the  most  moisture.  But  the  clay  used  in 
this  experiment  had  been  ground  into  powder  in  the  laboratory,  and 
the  particles  were  so  fine  that  the  freedom  of  the  movement  of  water 
was  retarded  and  therefore  evaporation  was  checked. 


ioo  r 


MU1.CH  J^JOXCH  MW.CH 


MAW  WQE.         5T^W« 
MOl'CH  MOUTH 


i*o^  by  <*B30fcFTioN^^[ li033  **  CArna.wc.iTv 


Fig.  2.— Diagram  showing  the  loss  of  moisture  due  to  absorption  and  capillarity,  taking  the  total  loss  as 

ioo  per  cent. 

EVAPO-TRANSPIRATION    RATIO    AS    AFFECTED    BY    MULCHING    AND 

CULTIVATION 

In  so  far  as  mulching  or  cultivation  has  the  power  of  preserving 
moisture  in  the  soil,  what  effect  do  they  have  upon  the  transpiration  of 
plants?  Do  the  plants  make  use  of  the  water  economically  with 
mulching  or  cultivation  ? 

The  apparatus  designed  for  this  experiment  consisted  of  a  soil  can 
with  a  water  tank  connected  at  the  bottom.  Water  from  the  tank  was 
allowed  to  run  into  the  soil  can,  and  it  in  turn  was  brought  up  to  the 
surface  by  the  capillary  action  of  the  soil.  Measurements  of  the  water 
surface  were  made  twice  a  week  by  means  of  an  evaporation  gage 
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micrometer.  The  soil  surface  had  an  area  of  7.07  square  inches  through 
which  moisture  could  be  lost. 

Six  seeds  of  Long  White  Icicle  radishes  were  planted  in  each  set  of 
apparatus,  of  which  four  germinated  in  the  can  marked  "no  mulch"  and 
"cultivation  twice  a  week,"  and  five  in  the  can  marked  "cultivation 
once  per  week"  and  "  i-inch  straw  mulch."  Seeds  were  sown  on  June  23, 
and  the  experiment  was  terminated  on  July  23.  Cultivation  was  per- 
formed by  scarifying  the  surface  inch  of  soil. 

The  saving  of  water  is  a  little  over  2  inches  greater  with  cultivation 
than  without,  and  the  effectiveness  of  cultivation  in  preserving  soil 
moisture  increases  with  the  extent  of  the  cultivation.  The  i-inch  straw 
mulch  saves  even  more  moisture  than  does  cultivation.  The  effect  of 
cultivation  and  mulching  upon  the  growth  of  the  radishes  needs  con- 
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Fig.  3. — Diagram  showing  the  efficiency  of  mulches  with  the  increase  in  their  depths. 

sideration.  Without  mulching  or  cultivation  radishes  are  vigorous  and 
the  roots  uniform,  while  with  cultivation  once  or  twice  a  week  the  plants 
are  not  so  thrifty  and  the  growth  of  roots  is  inclined  to  be  stunted.  With 
the  i-inch  straw  mulch  the  growth  is  medium,  but  the  roots  are  slighlty 
shorter  and  smaller  than  those  grown  without  mulching.  The  water  cost 
of  one  part  of  radishes  on  the  dry-weight  basis  is,  without  cultivation  or 
mulching,  1,009;  with  i-inch  straw  mulch,  1,045;  with  cultivation  once 
a  week,  1,422;  and  with  cultivation  twice  a  week,  2,262.  In  other 
words,  cultivation  and  mulching  save  more  moisture,  but  without  culti- 
vation the  plants  make  the  most  thrifty  growth. 

So  far  as  the  conservation  of  moisture  is  concerned  there  is  no  question 
that  cultivation  and  mulching  are  beneficial.  The  fact  that  with  cultiva- 
tion and  mulching  the  plants  do  not  grow  vigorously  is  due  to  three 
unfavorable  conditions. 

First,  there  is  too  much  water  within  the  root  zone,  the  water  table 
being  only  15  inches  below  the  surface.  The  water  has  been  accumulated 
to  such  an  extent  that  it  is  far  beyond  the  optimum  moisture  content  of 
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the  soil.  This,  indubitably,  has  a  tendency  to  shut  off  the  air  from  the 
roots,  which  is  essential  to  their  proper  growth.  As  it  is,  they  can  not 
penetrate  deeply,  which  seems  to  be  the  main  causes  for  their  growth's 
being  stunted. 

Secondly,  cultivation  cuts  off  the  root  hairs ;  thus  the  normal  function 
of  the  tap  root  is  much  handicapped.  Frequent  cultivation,  once  or  twice 
a  week,  does  not  give  the  tap  root  enough  time  to  build  up  its  new  root 
hairs. 

Thirdly,  frequent  cultivation  renders  the  soil  too  loose,  thereby  break- 
ing up  the  contact  of  the  roots  with  the  soil.  Since  the  difference  between 
the  soil  surface  and  water  is  only  15  inches,  and  the  soil,  being  partially 
saturated,  is  already  loose  enough  to  induce  a  favorable  root  expansion, 
constant  stirring  of  the  soil  simply  destroys  the  necessary  degree  of  com- 
pactness around  the  root. 

Under  field  conditions  in  the  dry-farming  regions  where  the  precipita- 
tion is  not  over  20  inches  annually,  there  is  no  chance  of  ever  saturating 
the  soil  for  any  length  of  time.  Cultivation  or  mulching  can  be  recom- 
mended only  where  water  becomes  the  limiting  factor  to  crop  growth. 
If  there  is  enough  precipitation  to  warrant  a  good  and  vigorous  growth, 
or  if  the  water  table  is  near  the  surface,  cultivation  or  mulching  may  be 
entirely  out  of  place. 

Table  VII. — Evapo-transpiration  ratio  of  radishes  as  affected  by  mulching  and  culti- 
vation 


Evapo-transpiration. 

Weight  of  radishes. 

Evapo- 
trans- 

Germi- 
nation 
stage. 

Seed- 
ling 
stage. 

Root 
stage. 

Total. 

Tops. 

Roots. 

Total. 

piration 

ratio 
(parts  of 

Inches. 

Kgm. 
equiva- 
lent. 

water  to 
1  part  of 
radishes 

by 
weight). 

No  mulch 

Inches. 
3.629 
3-526 
2.771 

2.538 

Inches. 
4.  212 

3-654 
3-623 
2.988 

Inches. 
5.292 

3-895 
3-415 
3-793 

13-  133 

II.075 

9.  809 

9-319 

99-  349 

83- 777 
74.  207 

70.  526 

Kgm. 
O.  0251 
.0205 
.  0160 
.0187 

Kgm. 

°.  0733 
,0384 
.0168 
.0488 

Kgm. 
O.  0984 
.0589 
.0328 
.0675 

1,  009 
1,422 

2,  262 

1,045 

Cultivation  once  a  week 
Cultivation  twice  a  week 
i-inch  straw  mulch 

SOIL  MOISTURE  AS  AFFECTED  BY  TIME  OF  CULTIVATION 

The  question  of  spring  or  fall  plowing  has  been  one  of  the  dry-farming 
problems.  Opinions  seem  to  differ.  An  experiment  was  carried  out  on 
the  Nephi  substation  on  -j^-acre  plots  to  determine  the  moisture  content 
of  the  soil  by  spring  and  fall  plowing  and  by  the  different  depths  of 
cultivation. 

Table  VIII. — Average  soil  moisture  percentages  to  the  depth  of  6  feet  with  weeds  pulled 
and  the  different  depths  of  cultivation  under  spring  and  fall  plowing 


Spring 
plowing. 

Fall  plow- 
ing. 

Weeds  pulled 

18.7 
19.4 
20.4 
19.4 

20.2 

2-inch  cultivation 

20.5 
21.4 

4-inch  cultivation 

6-inch  cultivation 

20.0 
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Moisture  samples  taken  from  the  Nephi  substation  to  the  depth  of  6 
feet  prove  in  every  case  that  fall  plowing  preserves  more  moisture  than 
spring  plowing.  The  4-inch  cultivation  is  more  efficient  than  the  2 -inch, 
but  the  6-inch  cultivation  drops  off  a  little.  The  table  also  shows  that 
cultivation  is  better  than  clean  culture. 
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Fio.  4. — Diagram  illustrating  the  growth  of  radishes  as  affected  by  cultivation,  frequency  of  cultivation, 
straw  mulch  maintained  at  the  depth  of  i  inch,  or  no  treatment,  and  also  the  percentage  of  water  in  the 
surface  6  inches  of  the  soil. 

MOVEMENT  OF  SOIL  MOISTURE  UNDER  MULCHES 

When  soils  of  different  moisture  contents  come  into  contact  there  is  a 
movement  of  moisture  from  the  thick  films  of  water  around  the  soil 
particles  to  the  thin  films,  until  equilibrium  is  reached.  That  is,  water 
tends  to  move  from  the  wet  to  the  dry  soils,  and  the  influence  of  culti- 
vation can  be  proved  indirectly  by  tracing  the  direction  in  which  the 
soil  moisture  moves.  At  the  Nephi  substation,  -j^-acre  plots  were  set 
aside  for  mulch  experiments.  The  adjoining  strip  of  land  was  neither 
mulched  nor  cultivated.  Four  borings  to  the  depth  of  6  feet  were  taken 
23  feet  apart,  from  the  middle  of  the  plots  to  the  adjoining  unmulched 
land. 


73« 


Journal  of  Agricultural  Research  vol.  xxin, no.  9 


Table  IX. — Average  moisture  percentages  to  the  depth  of  6  feet,  showing  the  movement 

of  water  under  mulches 


Middle  of 
plot. 

23  feet  from 
middle. 

46  feet  from 
middle. 

Unmulched 
land. 

Fall-plowed,  straw  mulch  4  inches 

24.7 
21.4 
21.4 

23.0 
21.4 
21.4 

21.7 

21.2 

19.4 

21 .0 

Fall-plowed,  earth  mulch  4  inches 

2I.O 

Spring-plowed,  earth  mulch  4  inches 

19.4 

The  highest  moisture  percentages  are  found  in  the  middle  of  the  plots. 
Moisture  percentages  of  the  soil  decrease  as  they  approach  the  unmulched 
land,  and  the  lowest  are  found  in  the  unmulched  land.     If  there  is  no  move- 
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Fig.  5. — Diagram  showing  the  retention  of  soil  moisture  as  influenced  by  clean  culture  and  the  different 
depths  of  cultivation  to  the  depth  of  6  feet  in  the  fall-plowed  and  spring-plowed  plots. 

ment  of  water,  then  there  should  be  the  same  amount  of  water  anywhere 
under  a  uniform  mulch.  The  fact  that  there  is  more  moisture  in  the 
middle  of  the  plots  and  less  moisture  as  it  approaches  the  adjoining 
unmulched  land  shows  plainly  that  water  moves  out  from  the  mulched 
plots  to  the  unmulched  land.  Under  laboratory  conditions,  where  side 
leaching  and  deep  percolation  of  water  can  be  controlled,  the  effectiveness 
of  mulching  can  be  determined  easily.  But  under  the  field  conditions, 
the  same  factors  can  not  be  controlled.  Whatever  water  may  be  saved 
by  mulching  may  be  lost  through  either  of  the  foregoing  processes.  Thus 
it  is  not  uncommon  to  find  that  a  mulched  plot  may  not  have  any  more 
moisture  than  the  unmulched,  or  that  a  thicker  mulch  may  not  be  so 
effective  as  a  thinner  one.  As  shown  in  Table  VIII,  the  6-inch  cultiva- 
tion, either  spring-plowed  or  fall-plowed,  is  not  so  efficient  as  the  4- inch. 
It  is  very  probable  that  when  the  mulch  is  kept  too  thick,  light  rainfalls 
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can  not  wet  it  thoroughly,  and  since  its  capillary  system  with  the  subsoil 
is  not  connected  up,  no  water  can  be  drawn  downward.  The  water  is 
being  held  in  the  upper  layers  of  the  mulch  and  then  lost  to  the  air 
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Fig.  6. — Diagram  showing  the  gradual  decreases  of  moisture  in  the  soil  to  the  depth  of  6  feet  from  the 
mulched  plots  to  the  adjoining  unmulched  land  to  illustrate  side  leaching. 

directly  and  completely.  At  Nephi,  or  elsewhere  in  the  dry-farming 
regions,  where  the  annual  precipitation  is  low  and  only  a  small  part  of  it 
comes  during  the  summer  months,  shallower  cultivation  is  to  be  preferred 
to  the  deeper. 
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SUMMARY 

(i)  The  question  of  the  effectiveness  of  mulching  has  been  much 
disputed.  Further  study  is  desirable.  The  results  of  these  experiments 
are  reported  in  terms  of  averages  from  thousands  of  measurements. 

(2)  An  effective  mulch  of  1  inch  of  straw  is  capable  of  preserving  60 
per  cent  more  moisture  in  the  soil  than  is  retained  without  mulching. 

(3)  Straw  is  the  most  efficient  mulch  material  used  in  the  experiments. 
Then  come  hay,  grass,  wood  shavings,  and  manure,  in  the  order  men- 
tioned. 

(4)  The  loss  of  moisture  from  the  soil  is  correlated  with  the  percentage 
of  moisture  retained  by  the  mulch.  An  efficient  mulch  must  be  con- 
stituted of  material  which  does  not  absorb  or  retain  moisture  readily  and 
which  forms  practically  no  capillary  system  in  itself.  An  absorptive 
mulch  can  be  used  to  an  advantage  provided  it  is  turned  under  before 
the  dry  period  begins. 

(5)  The  effectiveness  of  mulching  and  cultivation  increases  with  their 
depths. 

(6)  The  rate  of  evaporation  of  soils  under  mulch  varies  according  to 
their  moisture  contents.  Finer  soils  lose  more  water.  Clay  that  has 
been  ground  into  a  fine  powder  in  the  laboratory  loses  less  water  than 
loam. 

(7)  Cultivation  and  mulching  save  more  moisture,  but  the  evapo- 
transpiration  ratio  is  the  least  with  no  mulch  or  cultivation. 

(8)  Fall  plowing  preserves  more  moisture  than  spring  plowing. 

(9)  Under  field  conditions,  soil  moisture  is  more  variable.  The  6-inch 
cultivation  is  not  so  efficient  as  the  4-inch.  In  the  dry-farm  regions, 
shallower  cultivation  is  to  be  preferred  to  the  deeper. 

LITERATURE  CITED 

(1)  Alway,  F.  J.,  and  Clark,  V.  L. 

1912.  A  STUDY  OF  THE  MOVEMENT  OP  WATER  IN  A  UNIFORM  SOIL  UNDER  ARTI- 
FICIAL conditions.  In  Nebr.  Agr.  Exp.  Sta.  25th  Ann.  Rpt.,  [1911]/ 
12,  p.  246-287.     References,  p.  287. 

(2)  Bouyoucos,  G.  J. 

1915.    EFFECT  OF  TEMPERATURE  ON  MOVEMENT  OF  WATER  VAPOR  AND  CAPILLARY 

moisture  in  soils.     In  Jour.  Agr.  Research,  v.  5,  no.  4,  p.  141-172, 
11  fig.     Literature  cited,  p.  172. 

(3)  Briggs,  Lyman  J. 

1899.   THE  MOVEMENT  AND  RETENTION  OF  WATER  IN  SOILS.      In  U.  S.  Dept.  Agr. 

Yearbook,  1898,  p.  399-404,  fig.  102-109. 

(4)  and  Lapham,  Macy  H. 

1902.   CAPILLARY  STUDIES  AND  FILTRATION  OF  CLAY  FROM  SOIL  SOLUTIONS.     U.  S. 

Dept.  Agr.  Bur.  Soils  Bui.  19,  40  p.,  5  fig. 

(5)  Burr,  W.  W. 

1914.  the  storage  and  use  of  son,  moisture.    Nebr.  Agr.  Exp.  Sta.  Research 

Bui.  5,  88  p.,  illus. 

(6)  Cardon,  P.  V. 

1915.  TILLAGE  AND  ROTATION  EXPERIMENTS  AT  NEPHI,  UTAH.     U.  S.  Dept.  Agr. 

Bul.  157,  45  p.  21  fig. 

(7)  Chilcott,  E.  C,  and  Holm,  A.  B. 

1898.  soil  moisture  investigations  for  1897.  S.  Dak.  Agr.  Exp.  Sta.  Bul. 
58,  p-  53-84.  iHus. 

(8)  Cox,  U.  T. 

1905.  a  straw  mulch  in  The  orchard.  In  W.  Va.  Farm  Rev.,  v.  13,  no.  4, 
p.  18.     Original  not  seen;  in  Stockman  and  Farmer. 

(9)  Fortier,  Samuel. 

1909.  sou.  mulches  for  checking  evaporation.  In  U.  S.  Dept.  Agr.  Year- 
book, 1908,  p.  465-472,  fig.  22-28. 


Mar.  3. 1933        Effectiveness  of  Mulches  upon  Soil  Moisture  741 

(10)  [Halsted,  B.  D.] 

1896.  experiments  with  mulching.    In  16th  Ann.  Rpt.  N.  J.  Agr.  Exp.  Sta. 
Ann.  Rpt.,  [18943/95,  p.  a^^a- 

(11)  Harris,  Franklin  S. 

1914.    EFFECTS  OF  VARIATIONS  IN  MOISTURE  CONTENT  ON  CERTAIN  PROPERTIES 

of  a  sort  and  on  the  growth  of  wheat.     N.  Y.  Cornell  Agr.  Exp. 
Sta.  Bui.  352,  p.  801-868,  fig.  108.     Bibliography,  p.  860-868. 

(12)  -,  Bracken,  A.  F.,  and  Jensen,  I.  J. 

1920.   SIXTEEN  YEARS   OF  DRY  FARM  EXPERIMENTS  IN   UTAH.      Utah  Agr.    Exp. 

Sta.  Bui.  175,  43  p.,  3  fig. 

(13)  and  Jones,  J.  W. 

1917.    SOIL  MOISTURE  STUDIES   UNDER  DRY-FARMING.     Utah  Agr.  Exp.  Sta.  Bui. 

158,  51  p.,  33  fig. 

(14)  and  Turpin,  H.  W. 

1917.    MOVEMENT  AND  DISTRIBUTION  OF  MOISTURE  IN  THE  SOIL.      In  Jour.   Agr. 

Research,  v.  10,  no.  3,  p.  113-155,  31  fig.    Literature  cited,  p.  153-155. 

(15)  Johnson,  S.  W.,  and  Armsby,  H.  P. 

1879.    EXPERIMENTS    ON   THE    RELATIONS    OF   SOHS    TO    WATER.      In    Ann.    Rpt. 

Conn.  Agr.  Exp.  Sta.  1878,  p.  83-102. 

(16)  Kedzie,  R.  C 

1889.  REPORT    OF    THE    CHEMIST.  II.         RELATION    OF    CULTIVATION    TO    SOIL 

moisture.    In  2nd  Ann.  Rpt.  Mich.  Agr.  Exp.  Sta.,  1888/89,  p.  26-28. 

(17)  Kefauver,  Paul  F. 

1890.  PRACTICAL   EXPERIMENTS   IN   RECLAIMING   "GALLED"   OR  WASHED  LANDS, 

WITH   NOTES  ON  MULCH  AND  MULCH  MATERIALS.      In  Tenn.   Agr.    Exp. 

Sta.  Bui.,  v.  3,  no.  4,  p.  65-72. 

(18)  King,  F.  H. 

1889.  soil  physics.    In  6th  Ann.  Rpt.  Wis.  Agr.  Exp.  Sta.,  [i888]/89,  p.  189- 

206,  5  fig. 

(19) 

1890.  soil  WATER.     In  7th  Ann.  Rpt.  Wis.  Agr.  Exp.  Sta.,  [i889]/9o,  p.  134- 

162,  fig.  2-3. 

(20)  

1892.  investigations  relating  to  soil  moisture.  In  8th  Ann.  Rpt.  Wis. 
Agr.  Exp.  Sta.  [18901/91,  p.  100-134,  fig.  3-4. 

(21)  — — 

1895.  cultivation  of  corn  three  inches  deep  compared  with  a  less  depth. 
In   nth  Ann.  Rpt.  Wis.  Agr.  Exp.  Sta.,  [i893]/94,  p.  266-284,  fig.  26. 

(22)  

1895.  rate  of  percolation  from  long  columns  of  soil.  In  nth  Ann.  Rpt. 
Wis.  Agr.  Exp.  Sta.  [i893]/94,  p.  285-288,  fig.  27. 

(23)  

1899.   PERCOLATION  AND  EVAPORATION  FROM  LONG  COLUMNS  OF  SOH,.      In   l6th 

Ann.  Rpt.  Wis.  Agr.  Exp.  Sta.,  [18983/99,  p.  214-218. 

(24)  and  Jeffery,  J.  A. 

1898.    A  LABORATORY  STUDY  OF  THE  EFFECTIVENESS  OF  SOIL  MULCHES.     In  15th 

Ann.  Rpt.  Wis.  Agr.  Exp.  Sta.  [18973/98,  p.  134-148.,  fig.  21-22. 

(25)  Lawes,  J.  B.,  and  Gilbert,  J.  H. 

1871.    EFFECT  OF  THE  DROUGHT  OF  1870  ON  SOME  OF  THE  EXPERIMENTAL  CROPS 

at  rothamsted.     In  Jour.  Roy.  Agr.  Soc.  England,  ser.  2,  v.  7,  p. 
91-132. 

(26)  Loughbridge,  R.  H. 

1894.  investigations  in  soil  physics.  In  Calif.  Agr.  Exp.  Sta.  Rpt.,  1892/94, 
p.  70-100,  1  fold.  pi. 

(27)  

1908.  distribution  of  water  in  the  soil  in  furrow  irrigation.  U.  S. 
Dept.  Agr.,  Off.  Exp.  Sta.  Bui.  203,  63  p.,  19  fig. 

(28)  Lynde,  C.  J.,  and  Dupre,  J.  V. 

1914.  on  osmosis  in  soils.  In  Trans.  Roy.  Soc.  Canada,  ser.  3,  v.  8,  sect. 
3,  p.  133-138,  fig.  1. 

(29)  Mayer,  Adolf. 

1898.  uber  den  einfluss  kleinerer  oder  grosserer  mengen  von  wasser 
auf  die  Entwickelung  einiger  kulturpflanzen.  In  Join.  Landw. 
Bd.  46,  Heft  2,  p.  167-184. 


742  Journal  of  Agricultural  Research  vol.  xxni,  No.  9 

(30)  MEISTER. 

[1858].    BEOBACHTUNGEN     UBER     DIE     PHYSIKALISCHEN     EIGENSCHAPTEN     DER 

ERDArten.  (Abstract.)  In  Jahresber.  Agr.  Chem.,  Jahrg.  2,  1859/60, 
p.  36-45.  1861.  Partial  abstract  in  Warington,  Robert.  Lectures 
on  some  of  the  Physical  Properties  of  Soils,  p.  67.  1859.  Original  in 
Programm  des  Jahresber.  1857/58  der  Konigl.  Landw.  Centralschule 
zu  Weyhenstephan,  p.  1. 

(31)  Morgan,  J.  Oscar. 

1912.    THE  EFFECT  OF  SOIL  MOISTURE  AND  TEMPERATURE  ON  THE  AVAILABILITY 

OF  plant  nutrients  in  THE  soil.  In  Proc.  Amer.  Soc.  Agron.,  v.  3, 
1911,  p.  191-249,  fig.  17-34. 

(32)  Munson,  W.  M. 

1907.  orchard  notes.     1906.     Maine  Agr.  Exp.  Sta.  Bui.  139,  p.  51-64,  fig.  1-2. 

(33)  Parker,  Richard. 

1899.  seaweed  for  fruit  borders.     In  Garden,  v.  56,  no.  1457,  p.  311. 

(34)  RanE,  F.  William. 

1904.  EXPERIMENTS  IN  ORCHARD  MANAGEMENT  IN  NEW  ENGLAND.      N.  H.  Agr. 

Exp.  Sta.  Bul.  no,  p.  84-106,  6  fig. 

(35)  Sanborn,  J.  W. 

1893.  ttllage  of  crops.     In  3d  Ann.  Rpt.  Utah  Agr.  Exp.  Sta.  1892,  p.  108-128. 

(36)  Saunders,  William. 

1866.  mulching.     In  U.  S.  Comr.  Agr.  Rpt.,  1865,  p.  21-22. 

(37)  Schroeder,  M.  R. 

1896.    RAZVITIE  I  ISPARENIE  IACHMEAEA  PRI  RAZLICHNOI  VLAZHNOSTI  I   PITATEL 

nosti  substrata.  In  Izv.  Moscov.  Selsk.  Khoz.  Inst.,  god  2,  kniga 
1  (Ann.  Inst.  Agron.  Moscou.  ann.  2,  livr.  1),  p.  188-226,  Partial 
abstract  in  U.  S.  Dept.  Agr.  Bur.  Plant  Indus.  Bul.  285,  p.  14-15,  38. 

(38)  Seelhorst,  C.  von,  and  Tucker,  M. 

1898.    DER   EINFLUSS,    WELCHEN   DER   WASSERGEHALT   UND   DER   REICHTUM   DES 
BODENS  AUF  DIE  AUSBILDUNG  DER  WURZELN  UND  DER  OBERIRDISCHEN 

organE  DER  HAFERPFLANZE  ausubEn.  In  Jour.  Landw.,  Bd.  46, 
Heft  1,  p.  52-63. 

(39)  Shinn,  C.  H. 

1895.   EXPERIMENTS  WITH  MULCHES  AT  PASO  ROBLES  STATION.      In  Rpt.   Calif. 

Agr.  Exp.  Sta.  1894/95,  p.  401-403. 

(40)  SlEskin,  P. 

1908.  K'VOPROSU  6  RASKHODIE  VODY  SAKHARNOI  SOEKLOI.       In  Zhur.  Opuitn. 

Agron.  (Russ.  Jour.  Exp.  Landw.),  t.  9,  kniga  4,  p.  474-482.  German 
summary,  p.  482.  Partial  abstract  in  U.  S.  Dept.  Agr.  Bur.  Plant 
Indus.  Bul.  285,  p.  28-29.     I0I3- 

(41)  Vergon,  F.  P. 

1905.  GRASS   MULCH   FOR   APPLE   ORCHARDS.         FATHER   OF  THE   SYSTEM   TALKS. 

In  Rural  New  Yorker,  v.  64,  no.  2874,  p.  137-138,  fig.  57. 

(42)  Warington,  Robert.  . 

1900.  relations  OF  soil  TO  WATER.     (In  his  Lectures  on  Some  of  the  Physical 

Properties  of  Soil,  p.  51-138,  fig.  3.     Oxford  (England). 

(43)  Widtsoe,  John  A. 

1909.  IRRIGATION  INVESTIGATIONS.        FACTORS  INFLUENCING  EVAPORATION  AND 

transpiration.     Utah  Agr.  Exp.  Sta.  Bul.  105,  p.  1-64,  7  fig. 

(44) 

1912.    THE  PRODUCTION  OF  DRY  MATTER  WITH  DIFFERENT  QUANTITIES  OF  IRRI- 
GATION water.      Utah.  Agr.  Exp.  Sta.  Bul.  116,  p.  1-64,  illus. 

(45)  and  McLaughlin,  W.  W. 

1912.  the  movement  of  water  in  irrigated  soils.      Utah.  Agr.  Exp.  Sta. 
Bul.  115,  p.  195-268,  illus. 

(46)  Wilhelm,  G. 

1866.  DER    EINFLUSS    DER    VEGETATION    AUF    DIE    BODENFEUCHTIGKElT.  In 

Wchnbl.  Land-  u.  Forstw.,  Jahrg.  18,  Nr.  34,  p.  174-176.  Abstract  in 
Jahresber.  Agr.  Chem.,  Jahrg.  9,  p.  51-52. 

1867.  UBER    die   WASSERVERDUNSTUNG   AUS   DEM    ERBODEN.     Abstract.     In 

Jahresber.  Agr.  Chem.,  Jahrg.  10,  1867,  Halfte  i,  Bogen  1/13,  p.  27-32. 
1868.     Original  in  Allg.  Land-u.  Forst.  Ztg.,  1867,  I,  p.  31. 
(48)  Wollny,  Ewald. 

1895.    THE  PHYSICAL  PROPERTIES   OF  THE  SOIL.      PART   2.      In   Exp.    Sta.    ReC, 

v.  6,  no.  10,  p.  853-863. 


ORIGIN  OF   THE   CENTRAL   AND   OSTIOLAR  CAVITIES 
IN  PYCNIDIA  OF  CERTAIN  FUNGOUS  PARASITES 

OF  FRUITS1 

By  B.  O.  Dodge 

Pathologist,   Office  of  Fruit-Disease  Investigations,   Bureau  of  Plant  Industry, 
United  States  Department  of  Agriculture 

SCOPE  AND  PURPOSE  OF  THE  INVESTIGATION 

An  investigation  of  fungi  associated  with  rotting  strawberries  and 
dewberries  during  shipment  and  marketing  has  afforded  an  opportunity 
for  study  of  the  development  of  the  pycnidial  form  of  several  species  of 
fungi,  from  which  it  appears  that  in  these  forms  there  are  three  principal 
stages  or  periods  of  growth.  The  first  is  one  of  rapid  cell  multiplication 
whereby  a  certain  amount  of  fundamental  or  undifferentiated  tissue  is 
formed  with  which  to  begin  the  construction  of  the  fruit  body.  The 
second  or  intermediate  stage  includes  those  activities  leading  to  the  forma- 
tion of  the  central  cavity,  the  organization  of  the  wall,  the  delimitation 
of  sporogenous  tissue,  and,  in  many  forms,  the  construction  of  the 
ostiole.  Previous  study  has  largely  been  confined  to  the  third  stage, 
which  includes  spore  production  and  other  developments  which  charac- 
terize the  mature  pycnidium.  The  methods  by  which  the  plectenchyma- 
tous  primordium  is  formed  are  also  fairly  well  understood,  but  just  how 
the  characteristic  pycnidium  is  evolved  out  of  the  mass  of  undifferentiated 
tissue  has  not  been  clearly  explained.  The  intermediate  stages  in  the 
growth  of  phycnidia  of  several  species  have  been  followed  by  the  writer, 
and  the  results  of  the  studies  on  three  of  these  are  reported  in  this  paper. 

Bauke's  contribution  (a)2  is  noteworthy  because  of  the  clearness  with 
which  he  describes  the  two  different  methods  by  which  pycnidia  originate; 
and  on  this  point,  which  was  his  main  contribution,  his  work  has  been 
repeatedly  confirmed.  From  the  very  nature  of  the  subject  of  his  inves- 
tigation, the  method  which  he  employed  was  not  adequate  to  give  the 
best  results.  He  found  it  difficult  to  learn  what  takes  place  in  the 
pycnidial  "knot"  when  the  cavity  is  being  formed  and  the  sporiferous 
layer  organized,  as  he  was  compelled  to  study  the  fungus  as  it  grew  on 
slides.  In  the  pycnidium  of  Cucurbilaria  elongata  a  cell  at  the  center 
becomes  divided  into  a  few  radially  arranged  pyramidal  cells  with  their 
apices  together  at  the  center.  These  are  the  sporophores  or  their  mother 
cells.  They  divide  again  in  various  directions  or  at  once  cut  off  spores. 
By  the  gelatinization  of  their  walls,  the  sporophores  are  separated  from 
each  other  to  form  the  cavity,  which  is  further  increased  by  the  swelling  of 
the  mucilage  derived  from  the  walls  of  the  spores.  In  the  pycnidium  of  a 
Diplodia  on  Cornus  there  is  at  the  end  of  the  first  period  of  growth  a 
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pseudopaxenchymatous  structure  of  thin-walled  cells  bordered  by  a 
cortical  region.  Now  at  various  points  in  the  central  portion  there 
appear  elliptical  areas  marked  by  inwardly  growing  hyphae.  There  are 
a  number  of  these  regions  of  growth  corresponding  to  the  number  of 
locules  which  will  appear  in  the  young  pycnidium;  some  of  them  may 
become  united  as  the  phycnidium  ages.  According  to  Bauke  it  is  the 
head-on  thrust  of  these  young  sporophores  against  each  other  and  the 
pressure  due  to  the  gelatinization  of  their  walls  that  accounts  for  cavity 
formation  by  forcing  the  sporogenous  layer  farther  and  farther  out, 
crushing  the  tissue  between  it  and  the  cortex  so  that  the  protoplasm  of 
this  crushed  tissue  can  be  used  in  nourishing  the  spores. 

De  Bary  (3),  without  referring  to  Bauke 's  account,  describes  the 
development  of  the  pycnidium  of  a  species  of  Pleospora  and  says  that 
the  central  cavity  is  due  to  the  failure  of  the  cells  at  the  center  of  the 
pycnidial  primordium  to  keep  pace  in  their  growth  with  those  in  the 
periphery  so  that  the  cells  at  the  center  are  torn  asunder.  Such  a  cavity 
would  be  schizogenetic. 

Baccarini  (5,  p.  69)  describes  the  formation  of  a  cavity  in  Sphaeropsis 
malorum  and  adds  a  further  note  on  the  development  of  pycnidia  in 
general  (6,  p.  1 50-1 51).  Certain  cells  at  the  center  of  the  pseudoparen- 
chyma  can  be  distinguished  from  the  rest  by  their  abundance  of  oil 
and  glycogen.  Their  walls  become  transformed  into  mucilage  which, 
absorbing  water,  swells  to  form  a  central,  oval,  or  spherical  cavity  lined 
with  sporophore  fundaments.  This  sporiferous  layer  plays  an  important 
part  in  the  further  development  of  the  pycnidium.  Baccarini  does 
not  say  that  the  entire  contents  of  the  cells  at  the  center  disappear  as 
the  cavity  is  formed.  His  account  is  very  similar  to  that  given  by 
Bauke,  adding  nothing  except  to  state  {6,  p.  150)  that  lysigenetic  and 
schizogenetic  factors  enter  into  the  processes,  depending  upon  the 
quantity  of  tissue  present  at  the  center  of  the  primordium  and  on  the 
rapidity  with  which  it  is  reabsorbed. 

Reddick  (8)  studied  the  development  of  the  pycnidium  of  blackrot  of 
the  grape.  He  states  that  the  activity  at  the  center  of  the  "gnarl"  is 
evidenced  by  the  more  deeply  staining  contents  of  the  cells.  He  finds 
that  a  number  of  hyphae  grow  inwardly  and  assumes  that  these  are  the 
young  sporophores.  He  realizes  that  the  cavity  later  increases  in  size, 
and  he  believes  that  it  does  so  in  some  way  at  the  expense  of  the  pseudo- 
parenchyma.  In  his  description  of  the  origin  and  the  development  of 
the  perithecia  the  nature  of  the  "sclerotium"  is  discussed.  He  believes 
that  such  a  body  develops  into  a  perithecium  and  gives  it  the  name 
pycnosclerotium. 

Hesler  (10)  describes  briefly  the  development  of  the  pycnidium  of 
Sphaeropsis  malorum.  His  account  is  similar  to  that  given  by  Baccarini, 
to  which  he  refers.  Hesler,  however,  states  without  further  comment  or 
figures  that  the  cavity  is  formed  by  the  breaking  down  of  cells  and  that 
the  ostiole  is  formed  in  the  same  way.  He  is  of  the  opinion  that  the 
dome-shaped  tissue  (often  shown  in  figures  of  this  pycnidium)  from  which 
the  sporophores  arise  is  due  to  irregularities  in  the  cavity  which  is  tend- 
ing to  become  multilocular. 

In  order  to  best  illustrate  the  relative  importance  of  the  two  factors, 
disorganization  and  growth  inequalities,  in  cavity  formation,  the  inter- 
mediate stages  in  three  pycnidia  will  be  described.  The  formation  of  the 
ostiole  will  be  considered  in  connection  with  one  of  the  forms. 
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BLACKROT   FUNGUS  OF  DEWBERRY 

There  is  a  blackrot  fungus  of  dewberries  the  pycnidia  of  which  are 
very  similar  to  those  of  Phyllosticta  paviae,  P.  labruscae,  and  P.  solitaria. 
Pycnidia  frequently  develop  on  berries  from  North  Carolina  found  in 
the  New  York  and  Washington  markets.  It  requires  but  a  short  time 
for  the  black  rot  to  make  its  appearance  if  berries  are  placed  in  damp 
chambers.  On  account  of  the  slowness  with  which  the  disease  develops 
in  transit  and  market  it  will  probably  not  prove  of  much  economic 
importance. 

The  fungus  has  not  been  connected  with  its  perfect  stage,  but  it  may- 
very  well  belong  to  Physalospora  carpogena  Atkinson,  authentic  speci- 
mens of  which  apparently  are  not  in  existence.  The  pycnidial  stage 
has  therefore  been  called  by  Shear  Phyllostictina  carpogena,  and  a  formal 
description  is  to  be  published. 

The  fungus  has  been  isolated,  and  pycnidia  have  been  grown  to  ma- 
turity on  agar  media.  Dewberries  artificially  infected  with  spores  from 
these  cultures  have  developed  the  typical  blackrot.  An  abundance  of 
material  from  natural  sources  and  from  these  cultures  has  been  avail- 
able for  study. 

FORMATION  OF  THE  CENTRAL  CAVITY  IN  THE   PYCNIDIUM 

The  "gnarl  of  hyphae"  develops  into  a  plectenchymatous  body  which 
has  been  called  a  " pycnosclerotium "  (PI.  1,  A),  such  as  has  been  noted 
and  described  many  times  by  those  who  have  studied  the  blackrot  of  the 
grape.  The  large  outer  cells  appear  dark  in  color  with  thick  walls,  but 
toward  the  center  the  cell  walls  are  very  thin.  The  central  portion  pos- 
sesses sufficient  food  for  future  structural  growth  processes.  While  in 
this  fungus,  as  well  as  in  that  of  grape  blackrot,  it  is  undoubtedly  true 
that  similar  bodies  are  immature  spermogonia,  or  young  perithecia,  there 
can  be  no  question  that  every  pycnidium  of  both  species  passes  through 
some  such  form  in  its  development.  If  cavity  formation  for  some  very 
definite  reason  begins  early,  while  the  primordium  is  still  plastic,  then 
the  resemblance  to  a  "sclerotium"  is  not  so  marked.  These  bodies  are 
frequently  as  large  as  mature  pycnidia.  If  in  such  case  there  is  little 
further  enlargement,  how  may  we  account  for  the  central  cavity  of  the 
pycnidium?  In  the  sections  shown  in  Plate  2,  A,  B,  and  Plate  1,  B, 
there  is  evidence  of  the  beginning  of  disorganization  of  cells  at  the  center. 
As  soon  as  one  or  two  cells  disintegrate  sufficiently,  the  surrounding  ones 
push  into  the  mucilaginous  matter  and  in  their  turn  begin  to  disorganize. 
It  may  be  that  degeneration  is  at  first  due  to  the  head-on  thrust  of  cells 
pushing  inwardly;  but,  if  one  may  judge  by  what  follows,  it  is  more  likely 
that  the  breaking  down  process  begins  first. 

The  cells  of  the  next  succeeding  layer  to  push  into  the  small  open  space 
present  the  appearance  of  rather  thick  sporophores,  which  is  misleading 
.(PI.  2,  C,  D;  1,  C),  since  ordinarily  these  also  become  disorganized  by 
degrees,  and  the  cells  below  them  push  out  in  their  turn.  The  wall 
layers  are  not  as  yet  well  organized.  The  conditions  in  this  stage  are 
shown  in  Figure  1 ,  a.  The  cells  lining  the  cavity  clearly  result  from  the 
budding  or  division  of  the  cells  of  the  original  pseudo  parenchyma.  They 
do  not  show  in  this  section  very  decided  effects  of  pressure  from  within, 
such  as  Bauke  (2)  says  results  in  crushing  and  flattening  the  inner-wall 
cells.     Later,  as   the  cells  elongate  or  even  divide  tangentially,  this 
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appearance  is  more  exaggerated.  From  each  of  these  cells  two  or  three 
hyphae  now  branch  out,  each  composed  of  one  to  several  cells,  the  outer- 
most being  in  various  stages  of  disorganization.  The  nuclei  are  quite 
distinct;  frequently  there  are  two  lying  close  together  in  each  cell.  So 
similarly  do  the  cavities  in  pycnidia  and  spermogonia  originate  that  one 
can  not  be  certain  into  which  such  a  structure  will  eventually  develop. 
These  protosporophores  occasionally  produce  spores,  since  a  few  pycno- 
spores  sometimes  are  found  in  sections  of  such  young  pycnidia,  just  as 
spores  are  rarely  budded  off  directly  from  the  thin-walled  cells  at  the 


Fig.  i. — Development  of  sporophores:  a,  Hyphalike  protosporophores  growing  out  from  cells  of  wall 
which  is  as  yet  not  definitely  organized,  showing  ends  of  hyphae  undergoing  disorganization;  b,  the 
first  sporophores,  sometimes  several  budding  from  a  single  cell,  with  ends  of  sporophores  swelling  in 
first  stages  of  spore  formation;  c,  sporogenous  layer  now  definitely  organized;  d,  young  sporophores, 
each  with  a  single  nucleus;  e,  sporophores  from  a  mature  pycnidium,  each  spore  binucleated;  f,  sperma 
tiophores  from  a  mature  spermogonium. 
All  drawings  made  with  the  aid  of  a  camera  lucida  Zeiss  No.  8  ocular,  3-mm.  oil-immersion  lens. 

very  beginning  of  cavity  formation.     This  may  account  for  the  pycno- 
spores  sometimes  found  in  spermogonia,  to  be  noted  later. 

The  ostiolar  portion  has  not  been  developed  in  the  particular  pycnidium 
shown  in  Plate  i,  C;  central  cavity  formation  began  very  early,  while  the 
primordium  was  still  little  "carbonized"  and  therefore  in  a  plastic  state. 
Sections  often  show  a  large  central  cavity  filled  with  pieces  of  the  inwardly 
growing  hyphae  in  all  stages  of  disintegration.  New  buds  to  form  sporo- 
phores arise  from  the  subadjacent  cells,  which  as  the  result  of  radial  and 
tangential  divisions  become  much  smaller  than  those  which  originally 
occupied  this  space  in  the  pycnosclerotium.     A  still  older  stage  is  shown 
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inTPlate  I,  D,  where  there  are  no  traces  of  the  hyphalike  branches;  but 
the  big  cavity  is  filled  with  the  stainable  disorganized  remains,  suggesting 
very  strongly  that  much  of  the  nutrient  for  spore  formation  is  obtained 
from  within.  In  more  mature  pycnidia  the  central  and  ostiolar  cavities 
will  contain  many  spores,  but  no  stainable  cell  remains  (PI.  1,  E). 

Sporophores  are  less  easily  distinguished  in  mature  pycnidia  because 
they  are  used  up  more  and  more  as  the  food  supply  becomes  exhausted 
in  spore  formation.  This  was  pointed  out  by  Bauke  (2).  It  would  be 
difficult  to  prove  in  any  case,  but  it  is  not  improbable  that  the  entire 
layer  of  fertile  cells  bearing  the  first  functioning  sporophores  may  disap- 
pear and  new  sporophores,  one  by  one,  grow  out  from  the  cells  next  in 
line.  The  cavity  certainly  increases  in  size,  and  the  extent  of  the  tissue 
lining  it  diminishes.  Plate  1 ,  D  and  E,  shows  an  elliptical  cavity  in  the 
necklike  portion  which  serves  as  a  temporary  storage  space  for  spores. 

SPERMOGONIA   OF  THE  FUNGUS 

One  finds  statements  regarding  the  transformation  of  spermogonia  into 
pycnidia,  or  vice  versa,  or  of  either  of  these  forms  into  perithecia.  No 
one  has  given  us  the  story  of  what  happens  to  the  pycnidia  covering  a 
particular  grape  placed  out  of  doors  throughout  the  winter.  After  a 
somewhat  extended  study  of  this  fungus,  the  writer  is  still  unable  to 
distinguish  positively  the  bodies  out  of  which  spermogonia  or  pycnidia 
will  be  formed.  He  suspects  that  each  of  these  spore-producing  bodies 
arises  from  its  own  peculiar  primordium,  notwithstanding  the  fact  that 
it  is  not  at  all  rare  to  find  pycnospores  in  spermogonia. 

As  noted  previously  (p.  745) ,  the  perfect  stage  of  Phyllostictina  carpogena 
remains  in  doubt.  Further  evidence  that  it  may  be  a  Guignardia  is  that 
it  has  a  spermogonium  very  much  like  that  of  Guignardia  bidwellii. 

Spermogonia  and  pycnidia  may  be  found  side  by  side  on  the  dewberry, 
and  were  it  not  for  their  contents  these  fruit  bodies  could  not  be  dis- 
tinguished. In  size,  shape,  and  wall  structure  they  may  be  identical. 
In  many  spermogonia  there  is  found  the  same  peculiar  elliptical  ostiolar 
cavity  (PI.  1,  F)  so  characteristic  of  pycnidia  of  this  species.  The  writer 
has  studied  much  more  extensively  the  formation  of  the  cavity  in  sper- 
mogonia of  Guignardia  bidwellii.  The  processes  appear  to  be  the  same 
in  both  species. 

CAVITY   FORMATION   IN   THE   SPERMOGONIUM 

Cavity  formation  begins  rather  in  the  apical  portion  of  the  primordium 
of  fundamental  tissue  where  by  partial  disorganization  of  cells  way  is 
made  for  growth  of  orientation  by  which  chains  of  cells  become  directed 
toward  the  apex.  This  stage,  once  initiated,  is  carried  on  very  rapidly. 
Protospermatiophores  which  are  long  and  threadlike  soon  fill  the  central 
portion  (PI.  1,  F),eachhypha  (?)  consisting  of  a  chain  of  rodlike  cells  sur- 
rounded by  a  mucilaginous  sheath.  These  cells,  freed  from  each  other, 
could  scarcely  be  distinguished  from  spermatia;  and  it  is  possible  they 
are  the  first  spermatia  formed.  Later,  when  definite  spermatiophores 
(Fig.  1,  f.)  can  be  clearly  made  out,  the  cavity  is  devoid  of  such  thread- 
like aggregations,  and  very  distinct  rod-shaped  spermatia  lie  around  in 
the  cavity.  This  suggests  that  the  structures  shown  in  Plate  1,  F  and  G, 
now  break  up  and  disorganize,  leaving  the  mucilaginous  products  still  in 
the  cavity,  and  that  definite  spermatia  will  soon  be  formed. 
27134—23 6 
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There  are  eight  pycnospores  in  the  spermogonium,  a  section  of  which 
is  shown  in  Plate  1,  G.  There  is  now  no  evidence  of  the  origin  of 
these  spores,  which  were  probably  formed  at  an  early  stage  in  cavity 
developement ;  and  the  cells  from  which  they  were  derived  have  now 
disappeared.  The  writer  has  not  seen  sporophores  in  those  spermogonia 
of  Guignardia  bidwellii,  which  contain  a  few  pycnospores. 

It  has  been  shown  above  that  spermogonia  and  pycnidia  are  formed 
from  bodies  similar  to  what  Reddick  (8)  calls  "pycnosclerotia."  In 
many  species  the  tissue  composing  the  "gnarled"  primordium  is  not  at 
all  sclerotized.  Pycnidia  of  Schizoarme  straminea  Shear,  for  example, 
arise  out  of  a  tissue  that  can  not  be  distinguished  from  a  stroma  (PI.  4,  A). 
The  very  irregular  tuberculate  and  massive  forms  taken  by  the  "  pycno- 
sclerotia" of  Phyllostictina  carpogena  in  cultures  on  agar  very  frequently 
become  arrested  at  this  point,  but  so  many  have  been  found  in  the 
process  of  cavity  and  spore  formation  as  to  suggest  that  these  structures 
are  fundamentally  sclerotized  stromata,  out  of  which,  or  in  connection 
with  which,  fruit  bodies  are  formed.  Pycnosclerotia  then,  if  we  may 
put  it  that  way,  are  not  designed  to  be  resting  stages  in  the  life  cycle,  not 
necessarily  structures  into  which  the  fungus  is  forced  (even  if  frequently 
compelled  to  remain  there)  by  unfavorable  environmental  conditions. 
They  are  the  result  of  a  regular  and  natural  course  of  events  by  which 
certain  quantities  of  food  and  fungous  tissue  are  brought  together  in 
preparation  for  spore  formation.  Having  seen  that  in  this  Phyllostictina 
there  is  little  actual  crushing  of  tissue  such  as  was  thought  by  Bauke  (2) 
to  be  the  case,  the  relative  importance  of  the  two  factors,  disorganization 
and  growth  inequality,  in  cavity  formation  can  be  judged  also  by  the 
little  average  difference  in  size  between  the  "pycnosclerotia"  and  mature 
pycnidia.  Allowing  for  cases  such  as  were  noted  previously  in  which 
cavity  formation  begins  very  early,  the  central  cavity  in  this  species 
is  ordinarily,  then,  largely  lysigenetic.  We  may  next  turn  to  a  pycnidium 
of  an  entirely  different  type. 

ORIGIN  OF  THE  CENTRAL  CAVITY  IN  THE  PYCNIDIUM  OF  THE  STRAW- 
BERRY-ROT FUNGUS 

Associated  also  with  the  rots  of  dewberries  and  strawberries  is  the 
fungus,  Sclerotiopsis  concava  (Desm.)  Shear  and  Dodge,  and  its  conidial 
stage  is  very  common  on  other  plants  (12).  The  pycnidium  is  large, 
shield  shaped,  and  without  ostiole.  The  big  spore  cavity  is  surrounded 
by  a  heavy  brown  wall  several  cells  in  thickness  and  at  maturity  is 
densely  packed  with  spores  (12,  PI.  5,  Fig.  17). 

The  intermediate  stages  in  development  are  best  studied  from  sections 
of  material  grown  on  strawberries  or  on  infected  leaves  placed  in  damp 
chambers.  In  the  younger  primordia,  hyphae  invade  the  epidermal 
cells,  bursting  through  the  side  walls  and  lifting  the  cuticularized  layers, 
forming  a  broad,  compact,  mound-shaped  tissue  (PI.  3,  A),  most  of  the 
outer  portion  of  which  consists  of  hyphae  spreading  outward  from  a 
broad  base  (PI.  3,  B).  The  cells  at  the  ends  of  these  hyphae  after  a  suc- 
cession of  divisions  become  elongated  peripherally.  Now  along  a  line 
5  or  10  cells  from  the  outside  border  a  narrow  zone  of  degeneration  can 
be  distinguished ;  cells  are  losing  their  contents  and  elongating  as  though 
under  strain  (PI.  3,  C).  This  disorganization  occurs  in  intercalary 
cells  shown  at  the  right  in  the  figure.  The  line  of  rupture  is  not  neces- 
sarily so  evenly  curved  that  it  follows  the  contour  of  the  outer  wall; 
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it  is  more  often  very  irregular,  dipping  down  here  and  there  rather 
deeply  (PI.  3,  D).  Superficially  the  pictures  presented  certainly  suggest 
that  the  rupture  is  caused  by  forces  from  within,  either  that  the  lower 
two-thirds  of  tissue  has  shrunken  while  the  outer  third  designed  as  the 
future  wall  has  remained  rigid  or  that  the  latter  part  has  been  raised 
bodily  by  addition  of  new  cells  at  the  ends  of  the  arch,  the  rest  of  the 
tissue  remaining  dormant.  But  the  early  stages  of  these  large,  dome- 
shaped  pycnidia  develop  in  nature  beneath  the  tough  and  tightly  stretched 
cuticle,  for  example,  of  canes  of  Rubus  spp.,  where  if  the  rupture  were 
caused  in  the  manner  just  suggested,  there  would  occur  more  or  less 
buckling  of  the  outer  wall  under  such  unequal  strains  as  must  exist. 
At  such  a  stage  (PI.  3,  D)  no  buckling  occurs,  which  means  that  the 
wall  must  be  supported  by  the  pressure  from  below,  furnished  by  disor- 
ganization of  the  intercalary  cells,  as  indicated.  Mature  pycnidia  on 
leaves  in  dry  weather  are  found  collapsed,  indicating  that  the  thick 
arched  wall  in  itself  is  not  strong  enough  to  prevent  buckling  after  the 
pressure  has  been  withdrawn  by  the  shrinkage  of  the  mucilaginous 
substance  within.  A  concave  pycnidium  usually  indicates  that  it  will 
be  found  full  of  spores.  Figures  D  and  E  are  from  a  section  of  the 
same  pycnidium  at  slightly  different  planes.  Figure  E  shows  somewhat 
better  that  the  break  occurs  in  radially  growing  hyphae,  but  Figure  D 
suggests  that  disorganization  accompanied  by  the  swelling  of  cells  is 
responsible  for  the  rupture  of  the  tissue.  The  five  or  six  large  bodies 
mixed  in  with  the  tissue  just  pulling  apart  (at  the  center  above)  are  the 
remains  of  what  just  previously  were  very  minute  cells  of  the  parallel 
hyphae  and  which  have  now  swollen  to  many  times  their  original  size. 
Many  such  cells  are  visible  in  the  section  shown  at  F  and  also  at  H, 
which  is  still  more  highly  magnified.  Above  are  large  masses  of  small 
intercalary  cells  detached  from  the  hyphae  which  bore  them  and  are 
now  caught  between  two  regions  of  disorganization.  In  the  section 
shown  at  G,  the  sporophores  are  fully  formed  along  the  entire  base;  but 
the  mass  above  these  consists  only  of  rows  of  disorganizing  cells,  above 
which  is  a  clear  substance,  difficult  to  stain.  In  this  condition  the 
structure  might  be  mistaken  for  a  mature  pycnidium  nearly  filled  with 
spores.  Compare  this  with  the  section  shown  at  I,  which  is  from  a  very 
small  pycnidium  in  which  the  first  spores  have  just  been  formed.  The 
spreading,  or  nearly  parallel,  rows  of  cells  forming  the  upper  wall  are 
still  distinct.  The  cavity  may  now  enlarge  to  some  extent,  and  there 
is  little  question  that  growth  at  the  border  accounts  for  some  increase 
in  its  size.  It  is  noteworthy  that  there  is  always  more  tissue  below 
the  line  of  rupture  in  a  young  pycnidium  than  there  is  below  the  true 
sporophores  in  a  mature  structure  (PI.  3,  C,  D,  and  I).  The  cells  that 
are  first  forced  apart  in  the  destruction  of  tissue  and  that  remain  below 
are  homologues  of  the  sporophores,  but  as  noted  they  provide  the  mate- 
rial which  by  swelling  forces  the  wall  farther  out,  incidentally  later 
furnishing  food  for  the  development  of  spores. 

It  has  been  shown  that  the  rupture  in  the  tissue  is  initiated  by  the 
disorganization  of  certain  intercalary  cells  in  oriented  hyphae  and  that 
this  occurs  not  at  a  period  of  shrinkage  but  while  expansion  is  still  going 
on.  Pressure  is  provided  by  the  swelling  of  the  cells  torn  loose  from  the 
wall  above  or  isolated  from  the  vertically  growing  hyphae  below.  This 
force  maintains  the  even  curve  of  the  wall  as  it  lifts  the  resistant  portions 
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of  the  epidermis  above,  and  marginal  growth  contributes  to  the  final 
enlargement  of  the  cavity.  We  see,  then,  that  the  cavity  in  Sclerotiopsis 
concava  is  about  equally  lysigenetic  and  schizogenetic,  and  in  this  respect 
represents  a  type  intermediate  between  Phyllostictina  carpogena,  noted 
previously,  and  Schizoparme  straminea,  which  will  now  be  considered. 

SCHIZOPARME  STRAMINEA,  A  NEW  STRAWBERRY  DISEASE 

Pycnidia  of  a  fungus  heretofore  unreported  on  strawberry  have  been 
found  on  this  fruit  from  Norfolk,  Va.,  and  in  the  markets  of  New  York 
and  Washington  each  spring  since  19 18.  The  fungus  is  not  abundant, 
and  it  does  not  cause  a  destructive  rot  of  the  berry.  The  pycnidia  are 
thickly  scattered  over  the  surface  bursting  through  the  epidermis  at  the 
time  the  spores  are  mature  (PI.  5,  A).  The  fungus  is  distinguished  from 
others  on  the  strawberry  by  the  crown  of  light-colored  tissue  which  sur- 
mounts the  pycnidium  and  surrounds  the  ostiole.  The  same  species  also 
occurs  on  dead  leaves  of  strawberry  and  several  other  plants.  In  July, 
1920,  perithecia  were  found  on  strawberry  leaves  along  with  these 
pycnidia,  and  the  connection  between  the  two  forms  was  proved  by 
growth  in  pure  cultures.  Pycnidia  and  perithecia  are  illustrated  in 
Plates  4,  5  and  6.  A  formal  description  of  the  fungus  is  to  be  published 
by  Doctor  Shear  in  an  early  number  of  Mycologia. 

CULTURE   STUDIES 

The  unicellular  pycnospores  germinate  with  one  or  two  germ  tubes 
without  showing  septation  previous  to  or  during  germination.  On  corn- 
meal  or  potato  agar  in  Petri  dishes  the  mycelium  grows  outward  unevenly, 
so  that  the  margin  is  much  scalloped  or  lobed,  (PI.  5,  B).  Pycnidia  are 
formed  in  concentric  circles,  the  first  maturing  five  or  six  days  after 
inoculation.  They  are  at  first  colorless  and  are  surrounded  by  a  loose 
weft  of  hyphae.  Sclerosis  begins  at  the  base  of  the  ostiole  and  spreads 
around  the  wall  along  the  outer  layer  of  cells,  so  that  the  pycnidium 
finally  becomes  nearly  black. 

Artificial  infection  of  strawberries  has  been  made  to  obtain  material 
for  study.  The  fungus  is  able  to  maintain  possession  except  when 
species  of  Rhizopus  gain  entrance  at  an  early  stage. 

In  Petri-dish  cultures  there  is  a  tendency  toward  the  grouping  of 
pycnidia,  with  an  especially  large  one  at  the  center  (PI.  5,  D).  They 
are  held  together  by  the  tissue  which  crowns  each  one  and  which  now 
viewed  from  above  resembles  a  thin  stroma ;  the  fruit  bodies  are  always 
separate  in  nature. 

The  ascospores  are  small  and  hyaline  and  thus  are  not  readily  located 
in  poured  plates,  so  that  the  following  method  was  used  to  obtain  pure 
cultures.  Single  ascocarps  were  crushed  out  in  a  drop  of  water  on  steril- 
ized slides.  The  asci  still  containing  spores  float  out  in  the  water. 
Small  drops  of  this  water  were  transferred  to  a  4  per  cent  corn-meal  agar 
in  Petri  dishes  at  marked  places.  As  the  drop  spread  out  and  was 
absorbed,  single  asci  were  located.  The  spores  germinated  in  the  ascus 
in  a  few  hours,  so  that  by  transferring  the  entire  ascus  after  germination 
one  was  able,  very  easily,  to  obtain  large  numbers  of  pure  ascospore 
cultures. fl  Over  100  single  ascus  cultures  in  test  tubes  and  Petri  dishes 
were  made  in  this  way,  and  in  every  case  characteristic  pycnidia  were 
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formed  in  a  few  days.     No  perithecia  have  been  seen  in  cultures  either 
from  ascospores  or  pycnospores. 

FORMATION   OF   THE   CENTRAL    CAVITY   IN   THE   PYCNIDIUM 

The  various  stages  are  best  studied  in  material  obtained  by  artificial 
infection  of  strawberry  and  from  cultures  on  agar  media  where  the 
early  stages  are  somewhat  exaggerated  and  prolonged,  so  that  the 
growth  story  can  be  followed  and  timed  more  easily  than  from  pycnidia 
obtained  on  fruit  and  dead  leaves.  Sections  of  the  pycnostroma  show 
a  rather  homogeneous  plectenchyma  of  thin-walled  cells  without  any 
trace  of  sclerosis;  consequently,  as  we  should  expect,  the  force  due  to 
the  more  rapid  growth  of  the  peripheral  cells  resulting  in  the  rupture  of 
inner  cells  comes  most  easily  and  naturally  into  play. 

When  the  primordium  has  attained  considerable  size,  forming  a 
spherical  or  elliptical  mass  of  tissue  50  to  100  microns  in  diameter  (as 
it  is  found  on  fruit  or  on  leaves  in  nature  it  is  much  less),  it  has  stored 
in  it  a  quantity  of  food  readily  available  for  the  developments  which 
are  next  to  take  place.  The  sporogenous  tissue  will  be  located  on  a 
dome-shaped  structure  placed  at  .the  bottom  of  the  cavity  similar  to 
that  of  Coniothyrium  diplodiella  described  by  Istvanffi  (7) ;  the  curve 
of  the  dome  will  correspond  roughly  with  that  of  the  wall  above,  with 
a  spore  cavity  between  the  two  tissues.  The  region  in  the  plectenchyma 
where  the  cavity  will  first  appear  can  be  determined  in  advance  of  any 
line  of  rupture.  There  is  a  preliminary  growth  and  orientation  by 
which  rows  of  vertically  placed  cells  are  laid  down  in  a  line  across  the 
upper  central  portion  of  the  primordium.  The  upper  cells  in  these 
rows  stretch  out  or  swell  as  gelatinization  progresses,  but  the  cells  below 
the  line  of  final  separation  continue  to  grow  upward,  forming  a  palisade- 
like row  of  elongated  cells  (PL  4,  A).  As  noted,  the  cells  that  first 
rupture  appear  to  be  either  swollen  longitudinally  or  stretched.  If  the 
rupture  were  due  to  the  excess  growth  of  cells  in  the  periphery  over  that 
of  the  cells  within,  this  appearance  of  stretching  would  be  a  natural  one; 
but  it  should  be  kept  in  mind  that  there  has  been  a  vertical  growth  of 
the  hyphae  that  are  being  ruptured.  The  disorganization  may  thus 
be  due  to  the  thrust  of  the  growing  cells  into  those  above,  or  to  enzym 
action.  In  any  event  these  elongating  cells  are  the  homologues  of 
sporophores,  although  the  ones  present  at  this  time  will  not  bear  spores. 
The  end  cells  disorganize  and  the  colloidal  remains  stretch  out  as  the 
cavity  increases  in  size  (PL  5,  E).  The  end  cells  slough  off,  new  buds 
put  forth,  and  new  potential  sporophores  arise  by  division  of  cells  of  the 
enlarging  dome  of  fertile  tissue.  In  material  grown  on  agar  there  is 
certaily  a  large  amount  of  disorganization  of  tissue  of  the  pycnidial 
stroma,  but  in  nature  this  structure  is  not  great,  and  differentiation  of 
tissues  begins  very  early  so  that  the  lysigenetic  enlargement  of  the 
cavity  is  less  apparent.  That  there  is  here  a  certain  amount  of  cell 
destruction  is  evident  from  the  cell  remains  still  clinging  to  the  inner 
layer  of  the  wall  of  the  mature  pycnidium  (Pis.  4,  J;  6,  F).  So  char- 
acteristic is  this  line  of  disorganized  cells  that  our  fungus  was  recognized 
in  sections  of  oak  leaves  from  Italy  collected  by  Professor  Massalongo 
30  years  ago. 
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DEVELOPMENT     OF     THE     PYCNIDIUM     ON     STRAWBERRY 

On  strawberry  the  pycnidial  primordium  reaches  but  little  size  before 
it  can  be  seen  in  sections  that  the  cells  just  below  the  peripheral  layer 
at  the  top  are  being  oriented  vertically  (PI.  4,  F).  There  are  at  first 
not  more  than  a  half  dozen  rows,  two  or  three  cells  in  each  row,  in  this 
palisade  (PL  4,  G).  These  appear,  as  it  were,  to  be  thrust  against  the 
periphery,  flattening  out  the  cells  so  that  one  would  say  that  the  wall 
now  consists  of  only  two  or  three  layers  of  cells,  disregarding  the  buffer 
tissue  which  is  now  burrowing  through  the  host  above  and  which  takes 
no  part  in  the  formation  of  the  wall.  The  vertically  oriented  hyphae 
now  branch  out  and  their  end  cells  disorganize,  the  additional  pressure 
due  to  mucilaginous  disorganization  tending  in  all  cases  to  play  a  still 
further  part  in  the  organization  of  the  inner- wall  cells.  These  may  in  turn 
degenerate  or,  if  not,  they  may  divide  tangentially  or  elongate  peripher- 
ally so  that  finally  the  completed  wall  consists  of  five  or  six  layers  of 
cells  which  are  two  or  three  times  as  long  as  thick.  Sclerosis  is  so  long 
delayed  that  the  pycnidium  is  capable  of  continued  enlargement. 

GROWTH   OF  THE   BUFFER   TISSUE   AND    FORMATION    OF   THE   OSTIOUE 

The  formation  of  the  ostiole  in  perithecia  of  a  few  species  has  been 
described  by  Fuisting  (1),  De  Barry  (5),  Miyabe  (4),  and  others,  and  it 
has  perhaps  been  assumed  that  the  same  principles  hold  in  the  develop- 
ment of  the  ostiole  of  the  pycnidium.  In  some  perithecia  there  is  a  dis- 
organization of  a  strip  of  tissue  leading  from  the  hymenial  cavity  to  the 
outside.     Further  enlargement  of  the  ostiole  takes  place  schizogenetically. 

In  nature  the  pycnidia  of  Schizoparme  straminea  are  deep  seated,  and 
the  papillate  ostiole  scarcely  reaches  the  surface.  The  work  of  rupturing 
the  epidermis  and  other  host  tissues  above  is  performed  by  a  sort  of 
buffer  tissue  from  the  outer  loose  hyphal  envelope,  the  "tissu  fendant" 
of  Istvanffi  (7)  or  the  " Aperturalgewebes  "  of  Fuisting  (1).  An  opening 
must  be  made  through  the  buffer  tissue  before  the  spores  can  be  dis- 
charged. It  will  be  shown  that  the  ostiolar  opening  is  formed  first 
through  the  wall,  then  passage  way  through  the  buffer  tissue  will  be 
made.  The  sharp  papillate  beak  results  from  the  upward  growth  of  buds 
from  wall  cells. 

Soon  after  the  formation  of  the  central  cavity  has  begun,  as  noted 
above,  the  cells  at  the  top  of  the  young  pycnidial  knot  multiply  rapidly, 
burrow  into  the  epidermis,  and  increase  in  size  by  swelling  to  form  a  cone- 
shaped  tissue,  which  is  very  effective  in  lifting  up,  pushing  aside,  or  break- 
ing down  the  host  tissues  overlying  the  pycnidium,  after  which  it  appears 
above  the  surface  as  a  whitish  or  cream-colored  hood  (PI.  5,  E),  similar 
to  the  "  tissu  fendant"  surmounting  the  pycnidium  of  Coniothyrium  diplo- 
diella.  The  perforation  of  the  buffer  tissue  and  the  disorganization  of 
the  wall  of  the  pycnidium  in  the  preliminary  stages  of  ostiole  formation 
are  two  distinct  processes,  yet  they  are  both  closely  associated  and  neces- 
sary in  the  development  of  the  complete  apparatus  of  spore  discharge. 

The  construction  of  the  ostiole  begins  at  a  point  in  the  incipient  inner- 
wall  tissue  above.  A  few  cells  next  to  the  central  cavity  now  forming 
(PI.  4,  B)  begin  to  disorganize  and  by  swelling  provide  a  small  space  into 
which  adjacent  wall  cells  bud,  turning  upward  (PI.  4,  E).  In  the  mean- 
time the  buffer  tissue  has  developed  and  performed  its  function.  The 
disorganization  of  the  wall  cells  progresses  so  that  the  ostiolar  opening  is 
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made  first,  after  which  disorganization  spreads  in  several  directions,  and 
it  is  the  outermost  cells  of  the  buffer  tissue  that  are  last  broken  down 
(PI.  4,  D).  The  swollen  cells  of  which  it  is  composed  contain  very  little 
cytoplasm;  but  there  are  certain  regions  in  which  they  show  signs  of 
degeneration,  accompanied  by  still  further  swelling,  so  that  the  hood 
becomes  split  or  ruptured  in  a  very  interesting  fashion,  the  lines  of 
cleavage  radiating  from  the  point  below  at  which  the  beak  of  the  ostiole 
is  being  formed  (PI.  5,  D). 

The  cells  of  the  buffer  tissue  still  possess  the  power  of  growing,  for  as 
soon  as  a  cavity  has  been  formed  in  it  by  disorganization  small  hyphal 
branches  bud  out  (PI.  4,  E).  These  branches  are  very  soon  entirely 
reabsorbed. 

By  the  time  a  passage  way  has  been  opened  through  the  buffer  tissue, 
other  short  hyphae  have  begun  to  appear  from  the  wall  cells,  converging 
to  form  the  beak  of  the  ostiole.  The  cells  lining  the  ostiole  are  certainly 
the  homologues  of  periphyses,  but  in  this  case  they  usually  disorganize 
so  that  in  a  fully  mature  fruit  body  (PI.  6,  B)  little  trace  of  them  remains. 
In  the  meantime  the  central  cavity  has  become  greatly  enlarged,  and  the 
remnants  of  broken-down  cells  may  be  seen  clinging  to  the  inner  wall,  as 
noted  above  (PI.  4,  J).  It  is  interesting  to  find  that  in  the  ascocarp  of 
this  fungus  (PI.  5,  F-H)  the  host  tissues  are  broken  open  by  the  same  sort 
of  buffer  apparatus.  This  is  disorganized  in  the  same  fashion  and  pene- 
trated by  the  ostiole  in  like  manner;  the  periphyses  are,  however,  more 
permanent  (PI.  5,  J).  In  the  pycnidial  cavity  there  is  much  more  dis- 
organization of  tissue  when  the  fungus  is  grown  on  agar  media  where  the 
absence  of  confining  host  tissues  may  be  an  additional  reason  for  the 
delay  in  the  differentiation  processes. 

Other  stages  in  the  life  history  of  Schizoparme  straminea  are  illustrated 
in  Plate  5.  The  habit  of- growth  of  pycnidia  on  the  fruit  of  strawberry 
is  brought  out  in  Figure|A,  which  is  somewhat  magnified.  The  buffer 
tissue  which  has  broken  through  the  epidermis  of  the  host  is  the  only 
part  of  the  pycnidia  visible.  On  agar  media  in  Petri  dishes  the  mycelium 
appears  to  break  up  into  fan-shaped  lobes,  and  the  pycnidia  form  more 
or  less  in  concentric  circles  (Fig.  B) .  Surface  views  of  pycnidia  on  agar 
such  as  are  shown  in  Figures  C  and  D  bring  out  very  strikingly  the 
manner  in  which  the  buffer  tissue  splits  open,  frequently  in  the  form  of  a 
cross. 

That  the  buffer  tissue  is  composed  of  cells  originating  from  the  upper 
portion  of  the  outer  wall  of  a  pycnidium  is  clear  from  the  sections  shown 
in  Figure  E.  It  is  often  difficult  to  distinguish  perithecia  from  pycnidia 
by  the  appearance  of  the  buffer  tissue  exposed,  although  the  ascocarps 
are  frequently  much  larger  than  pycnidia.  Figure  F  shows  a  number  of 
perithecia  as  they  appeared  on  a  much  decayed  leaf  of  Rosa  sp.,  bringing 
out  well  the  manner  of  splitting  the  buffer  tissue,  which  is  so  character- 
istic of  the  tissue  above  pycnidia  also  (Figs.  C  and  D).  Mature  asco- 
carps collapse  when  dry.  Sections  of  a  young  perithecium  through  the 
papillate  ostiolar  portion  (Figs.  G  and  H)  show  that  the  buffer  tissue 
evidently  functions  in  rupturing  the  host  tissue,  although  it  soon  dries 
up  and  falls  off  after  bursting  through  the  epidermis  (Fig.  I).  It  is 
clear  from  Figures  I  and  J  that  there  are  no  paraphyses  between  the 
asci,  although  falcate  periphyses  line  the  ostiolar  cavity.  A  mature 
ascocarp  with  fragments  of  buffer  tissue  still  adhering  is  shown  in 
Figure  K. 


754  Journal  of  Agricultural  Research         vol.  xxui.  No.  © 

We  have  in  this  species  a  case  where  the  sexual  and  the  asexual  fruit 
bodies  are  very  similar  in  several  respects.  The  walls  of  both  structures 
are  composed  of  similar  tissue,  which  is  carbonized  only  at  maturity. 
The  ostiole  in  each  form  is  prominent,  being  more  or  less  papillate. 
The  straw-colored  buffer  tissue  is  always  present  in  both  forms,  splitting 
open  in  a  characteristic  fashion.  The  pseudoparenchymatous  tissue  at 
the  center  of  the  ascocarp  breaks  down,  thus  forming  a  central  cavity. 
One  need  not  confuse  the  two  forms,  since  the  perithecia  react  to  the 
triple  stain  in  a  manner  quite  different  from  pycnidia. 

The  very  striking  morphological  parallelism  shown  in  pycnidia  and 
perithecia  of  this  species  raises  again  the  question  as  to  what  extent 
this  really  occurs  among  other  Ascomycetes,  or  how  much  dependence 
can  be  placed  on  such  features  in  the  search  for  other  spore  forms  in  the 
life  cycle  of  a  given  fungus.  Orton  (9)  called  attention  especially  to 
various  cases  of  similarity  between  pycnospores  or  conidia  and  the 
ascospores  of  certain  species.  While  many  examples  where  there  is  no 
such  resemblance  between  the  types  of  spores  may  be  pointed  out,  it 
must  be  admitted  that  it  would  be  a  very  natural  morphological  expres- 
sion of  the  inherent  physiological  or  metabolic  activities,  based  upon 
the  constitution  of  the  germ  plasm.  A  feature  worked  out  in  the  course 
of  time  for  one  spore  form  must  of  course  have  a  basis  in  the  apparatus 
of  inheritance.  It  is  surprising  that  these  morphological  parallelisms 
are  not  more  frequent  in  the  Ascomycetes,  until  one  considers  the  par- 
ticular environmental  conditions  under  which  each  type  of  spore  or 
sporocarp  performs  its  work.  The  spores  of  Hainesia  lythri  (Desm.)  v. 
Hohnel  and  Sclerotiopsis  concava  (12)  are  identical,  but  the  sporocarps 
bearing  them  have  little  in  common,  because  the  latter  form  has  taken 
on  the  overwintering  function.  On  the  other  hand,  the  discocarp  stage, 
Pezizella,  resembles  the  Hainesia. 

ABNORMAL  ORIENTATION  OF  SPOROGENOUS  TISSUE 

It  is  well  known  that  in  cultures  of  some  forms  of  Ascomycetes  it  is 
possible,  by  changing  the  direction  of  illumination,  to  cause  pycnidia  or 
ascocarps  to  be  formed  in  an  oblique  or  an  inverted  position.  In  such 
cases  the  structure  is  inverted  or  changed  as  a  whole.  By  suitable 
orientation  of  cultures  of  Schizoparme  straminea  with  respect  to  light, 
gravity,  and  aeration  the  fungus  can  be  induced  to  build  sporogenous 
tissue  at  the  top  of  the  pycnidial  cavity  so  that  the  sporophores  and 
spores  point  downward  as  they  are  formed,  while  the  buffer  tissue  and 
the  ostiole  develop  in  the  normal  fashion,  pointing  upward.  Figure  C 
in  Plate  4  shows  a  stage  in  the  development  of  the  pycnidium  just  pre- 
ceding spore  formation.  The  buffer  tissue  is  not  quite  full  grown,  but 
other  sections  in  the  series  show  that  an  ostiole  is  just  being  formed 
through  this  tissue  at  one  side  of  the  sporogenous  pulvinus  so  that,  had 
this  pycnidium  been  allowed  to  mature  and  then  been  cut  in  a  plane  at 
right  angles  to  the  one  shown  here,  the  relative  positions  of  the  sporo- 
genous tissue,  buffer  apparatus,  and  ostiole,  would  be  the  same  as  shown 
in  PL  6,  C.  In  case  the  fertile  tissue  had  been  directly  at  the  center 
above,  there  would  have  been  two  ostioles  formed  (PI.  6,  D) ;  this  is  in 
no  way  associated  with  two  locules  in  the  early  stages.  What  bearing 
can  these  curious  inversions  of  the  sporogenous  tissue  have  on  the  ques- 
tion of  the  methods  of  cavity  formation  ?  This  is  a  complicated  situation 
where  we  have  a  central  cavity  formed,  sporogenous  tissue  delimited, 
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buffer  tissue  developed  through  which  a  passageway  is  opened,  a  wall 
organized,  an  ostiolar  opening  through  the  wall  portions  broken  down, 
and  a  beak  developed.  The  fungus  must  be  able  to  organize  a  number 
of  varied  localized  changes  and  growth  processes  harmoniously  inter- 
acting in  such  a  way  as  to  lead  to  the  construction  of  a  fruit  body  with 
certain  constant  diagnostic  morphological  features.  Such  a  structure, 
the  cavities  or  openings  in  which  are  formed  purely  schizogenetically, 
is  difficult  to  conceive. 

As  Schizoparme  straminea  is  found  in  nature  there  is  nothing  to  suggest 
the  presence  of  a  stroma,  except  perhaps  the  buffer  tissue  ramifying 
through  the  host  tissues  and  bursting  forth,  crowning  the  pycnidium. 
As  explained,  this  tissue  is  formed  after  the  knot  of  undifferentiated 
primordial  hyphae  has  reached  considerable  size.  Only  one  pycnidium 
grows  from  each  knot  of  hyphae.  On  agar,  however,  several  pycnida 
may  arise  from  one  of  these  masses  of  plectenchyma  in  such  a  way  as  to 
suggest  that  the  line  separating  such  pseduoparenchymatous  primordia 
from  true  stromata  is  not  to  be  too  sharply  drawn.  Again,  cavity 
formation  may  be  started  at  several  different  points,  followed  by  a 
merging  of  the  locules,  so  that  the  cavity  is  at  first  much  lobed  or  irregular; 
it  finally  becomes  rounded  out  by  further  disorganization  readjustments. 
A  multilocular  pycnidium  would  be  a  very  simple  step  in  the  evolution 
from  such  a  type. 

As  noted  previously,  there  is  only  a  relatively  small  amount  of  destruc- 
tion of  tissue  during  the  formation  of  the  central  cavity.  The  ring 
lining  the  cavity  (PI.  4,  J ;  6,  F)  represents  practically  all  of  such  disor- 
ganization that  occurs  as  the  fungus  grows  on  species  of  Rhus  or  Quercus. 
Ostiole  formation  is  usually  not  begun  until  the  central  cavity  is  dis- 
tinguishable (PI.  4,  B  and  E),  but  no  set  rule  seems  to  be  followed. 
Ordinarily  the  first  spores  are  matured  before  the  ostiole  is  completed. 
Figure  B  shows  a  section  in  which  the  position  of  the  ostiole  is  already 
determined  by  the  disorganization  of  cells.  The  section  (E)  shows  the 
proliferation  of  cells  of  the  wall  of  the  pycnidium  and  the  enlargement 
and  disorganization  of  cells  of  the  buffer  tissue. 

Ftiisting  (7)  pointed  out  how  difficult  it  was  to  find  the  early  stages  of 
perithecia  which  he  was  studying  because  there  is  nothing  to  indicate 
where  they  are  forming  until  the  Aperturalgewebes  bursts  through  the 
host  tissue,  and  by  that  time  the  perithecium  is  nearly  mature.  The  same 
difficulty  is  encountered  in  connection  with  both  perithecia  and  pycnidia 
of  Schizorparme  straminea  as  the  buffer  tissue  is  not  visible  until  after 
the  first  steps  in  cavity  formation  have  been  taken. 

DISCUSSION 

Partly  developed  pycnidia  of  the  type  found  in  Phyllostictina  carpogena 
have  been  considered  by  some  authors  to  be  merely  young  or  undeveloped 
perithecia,  especially  when  they  are  found  in  cultures.  Some  fungi 
develop  vegetatively  very  well  under  artificial  conditions  and  even  reach 
the  first  stage  in  pycnidium  formation  to  the  extent  of  laying  down  the 
plectenchymatous  primoridum,  yet  lack  the  particular  stimulus  which 
sets  in  motion  the  metabolic  activities  initiating  the  intermediate  stages 
of  growth  which  are  fundamentally  more  complicated  than  the  mere  piling 
up  of  food  in  the  form  of  undifferentiated  tissue  of  the  primordium. 

Very  often  cell  destruction  is  accompanied  with  much  swelling,  which 
may  not  be  without  effect  in  stimulating  further  action.     In  Schizoparme 
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straminea  there  is  a  characteristic  intercalary  growth  of  orientation 
before  any  disorganization  sets  in.  When  a  weak  point  is  once  established 
and  an  initial  lysigenetic  cavity  formed,  then  growth  readjustments  can 
come  into  play,  as  the  results  of  which  the  structure  may  increase  in 
size  by  the  elongation  of  elements  already  present  at  the  end  of  the  first 
period  of  growth.  Intercalary  growth  in  the  wall  is  stimulated,  and  new 
cells  may  be  added  to  the  exterior. 

iff  Bauke  found  that  in  the  pycnidium  of  Cucurbitaria  the  primordium 
was  often  as  large  as  the  mature  fruit  body;  therefore,  to  account  for  the 
cavity  he  supposed  that  the  sporiferous  layer  was  pressed  outwardly 
against  the  intervening  parenchyma  so  that  its  cells  were  crushed.     The 
ultimate  effect  of  pressure  due  to  disorganization  is  certainly  a  factor 
to  be  recognized,  but  it  is  very  doubtful  whether  the  cells  referred  to  are 
crushed  to  the  extent  claimed.     Those  just  outside  the  sporiferous  layer 
are  frequently  small  and  fiat,  due  to  division,  and  are  not  the  crushed 
remains  of  the  large  cells  once  at  this  point  in  the  primordium.     This  is 
quite  evident,  for  a  study  of  Bauke  (2,  fig.  12  and  13  of  PL  II),  will  show 
that  the  cells  in  the  tissue  said  to  be  crushed  must  have  undergone 
division  in  the  process,  for  the  ratio  of  the  number  of  cells  in  the  periphery 
of  the  primordium  shown  in  his  Figure  12  to  the  number  in  the  layer 
beneath  the  sporiferious  layer  is  as  3  to  2,  while  in  the  mature  pycnidium 
shown  in  his  Figure  13,  this  ratio  is  as  2  to  3.     Bauke  (2)  and  Baccarini 
(5,  6)  both  state  that  in  old  pycnidia  sporophores  disappear  entirely, 
and  many  pycnidia  have  been  formally  described  by  authors  as  without 
sporophores.     The  writer  has  shown  that  the  first  hyphae  to  grow  into 
the  initial  cavity  are  not  necessarily  spore  bearing,  though  they  are 
homologues  of  sporophores.     In  Phyllostictina  carpogena  the  number  of 
sporophore  mother  cells  increases  by  multiplication  of  cells,  by  radial 
division,  or  by  budding,  while  in  Sclerotiopsis  concava  and  Schizoparme 
straminea  the  sporophores  increase  by  branching  or  budding  of  cells  in 
the  dome-shaped  fertile  tissue.     Every  cell  in  the  thin-walled  central 
region  is  potentially  sporogenous.     Sporophores  are  often  sufficiently 
marked  to  be  diagnostic,  but  that  they  are  constant  or  permanent 
structures  is  not  borne  out  by  the  facts  learned  from  a  study  of  these 
intermediate  stages.     That  the  sporogenous  tissue  by  nature  is  funda- 
mentally different  from  every  other  in  the  primordium  and  that,  once 
set  apart  in  the  early  ontogeny,  it  remains  a  permanent,  unchanging 
reproductive  tissue  is  an  idea  probably  carried  over  from  zoology. 

Whether  the  contour  of  the  sporogenous  tissue  is  at  all  determined 
by  the  particular  method  of  cavity  formation  may  be  very  doubtful, 
but  it  so  happens  that  the  fertile  tissue  of  the  Phyllostictina  blackrot  of 
dewberry  is  strongly  concave  in  outline;  in  Sclerotiopsis  concava  the 
incipient  or  potential  spore  tissue  is  convex,  but  by  further  disorganiza- 
tion and  growth  readjustments  it  soon  becomes  flattened  out  so  that  it 
forms  an  even  layer  extending  across  the  base  of  the  broad  fiat  pycnidium ; 
in  Schizoparme  straminea  the  fertile  layer  is  sharply  convex.  It  has  been 
shown  that  in  the  first  species  the  central  cavity  is  largely  lysigenetic. 
The  cavity  contains  now  a  mass  of  predigested  food  readily  available 
for  spore  formation,  and  it  should  be  borne  in  mind  that  the  fungus 
provides  a  large  amount  of  food  for  this  work  when  the  fundamental 
tissue  is  developed  so  that  in  this  pycnidium  it  is  not  necessary  that 
more  should  be  drawn  from  the  vegetative  hyphae.  In  Sclerotiopsis  con- 
cava the  central  cavity  is  perhaps  about  equally  lysigenetic  and  schizoge- 
netic.     It  is  formed  in  much  the  same  way  as  it  is  in  the  deep-seated 
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aecidia  of  the  rusts  [Peridermium,  Adams  (1/)],  where  the  gametes  are 
intercalary  cells  below  in  a  series  of  sister  cells  which  are  becoming  dis- 
organized or  have  been  sacrificed  in  order  to  make  space  and  to  furnish 
food  for  spore  production.  In  Schizoparme  straminea  the  cavity  is 
largely  schizogenetic,  although  in  artificial  cultures  on  agar  there  is  a 
large  amount  of  cell  destruction. 

Some  information  has  been  obtained  showing  that  the  same  factors, 
disorganization  and  inequalities  in  growth,  are  operative  in  ostiole  forma- 
tion. In  view  of  the  fact  that  the  natural  relative  positions  of  the 
sporogenous  tissue  and  the  ostiole  can  be  altered  in  a  very  striking  manner 
in  cultures  of  Schizoparme  straminea  it  is  much  less  difficult  to  conceive 
of  a  localized  weakness  in  the  pycnostroma  determined  by  metabolic 
changes  leading  to  disorganization  which  initiates  cavity  formation  than 
it  is  to  understand  how  the  two  different  regions  of  rupture  initiating 
the  central  cavity  and  the  ostiole  can  be  provided  for  so  long  in  advance 
in  a  purely  mechanical  way. 

In  Phyllostictina  carpogena  there  is  usually  a  secondary  cavity  formed 
in  the  necklike  extension  of  the  immature  pycnidium.  This  is  an  ellip- 
tical cavity  which  is  finally  continued  downward  into  the  pycnidium 
and  thus  becomes  a  part  of  the  ostiole.  Not  infrequently  it  becomes 
from  the  first  a  superficial  accessory  pycnidial  cavity  lined  with  sporo- 
phores  which  cut  off  spores.  These  sporophores  soon  become  gelatinized 
and  an  opening  is  formed  connecting  the  two  cavities.  Sometimes  the 
ostiolar  portion  is  rather  small  and  the  cavity  is  lined  with  short  periph- 
yses,  showing  in  a  very  striking  manner  that  sporophores  and  periphyses 
of  this  species  are  homologous  structures,  or  that  periphyses  may  on 
occasion  cut  off  spores. 

The  picture  of  Schizoparme  straminea  (PI.  4,  E)  shows  that  no  sooner 
has  an  opening  been  effected  in  the  pycnidial  wall  by  means  of  disor- 
ganization than  the  cells  about  the  opening  bud  out  or  proliferate  rapidly, 
growing  into  the  space  and  turning  upward,  after  which  some  of  the 
cells  at  the  ends  of  these  new  hyphse  in  their  turn  become  disorganized. 
What  is  it  that  stimulates  the  comparatively  old  wall  cells  to  such  a 
rapid  renewal  of  growth  ?  We  see  that  there  must  be  a  change  in  pres- 
sure, and  a  new  supply  of  food  readily  assimilable  is  furnished  by  the 
destruction  of  cells  next  to  them.  Even  the  swollen  cells  of  the  buffer 
tissue  seemingly  almost  devoid  of  cytoplasm  are  still  able  to  grow  once 
the  adjacent  cells  furnish  a  little  food  through  disorganization. 

SUMMARY 

The  intermediate  stages  in  the  development  of  the  pycnidia  of  three 
species  of  fungi  associated  with  fruit  rots  have  been  studied,  and  in  each 
case  it  has  been  shown  that  the  initial  stage  in  cavity  formation  consists 
in  the  disorganization  of  cells  in  a  certain  region,  accompanied  by  a 
swelling  of  the  cell  remains.  The  pressure  thus  resulting  tends  to  enlarge 
the  cavity,  maintain  a  symmetrical  contour,  and  contribute  further 
toward  cell  destruction  or  change  of  form.  Further  enlargement  of  the 
cavity  may  be  effected  by  the  growth  of  elements  already  present  or  by 
the  addition  of  new  tissue. 

In  Phyllostictina  carpogena  the  cavity  is  formed  lysigenetically  for  the 
most  part,  although  occasionally  excessive  peripheral  growth  plays 
some  part  in  the  process,  especially  if  cavity  formation  begins  early  or 
before  sclerosis  has  become  far  advanced. 
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In  Sclerotiopsis  concava  the  central  cavity  is  about  equally  lysigenetic 
and  schizogenetic.  The  swelling  of  certain  cells  of  the  more  or  less 
parallel  hyphae  composing  the  primordium  causes  a  rupture  along 
irregular  lines,  extending  across  the  pycnidium,  above  and  below,  thus 
cutting  out  a  strip  of  tissue  which  soon  completely  disorganizes.  The 
cavity  is  further  enlarged  by  the  addition  of  new  tissue  at  the  border  of 
the  pycnidium.  There  is  no  ostiole  in  this  pycnidium;  spore  discharge 
is  effected  through  the  bursting  of  the  wall  due  to  the  swelling  resulting 
from  inhibition  and  the  partial  or  complete  destruction  of  certain  spores 
at  the  center  of  the  mass  filling  the  pycnidium. 

The  central  cavity  in  Schizoparme  straminea,  as  it  grows  on  strawberry, 
is  largely  schizogenetic.  A  ring  of  disorganized  tissue  usually  lines  the 
cavity  clinging  to  the  wall.  A  buffer  tissue  through  which  a  passageway 
is  opened  by  disorganization  develops  soon  after  the  primordium  has 
been  laid  down.  The  ostiolar  cavity  is  formed  as  the  result  of  the  breaking 
down  of  the  cells  of  the  wall  in  the  early  stages;  the  adjacent  cells  bud 
out  and  hyphae  grow  upward,  converging  to  form  the  papillate  ostiolar 
structure.  In  the  meantime  by  the  rapid  destruction  of  the  buffer  tissue 
along  lines  radiating  from  a  point  above  the  ostiole  this  caplike  structure 
is  split  open  in  a  characteristic  fashion. 

The  first  hyphae  to  grow  into  the  central  cavity  as  it  is  forming  are 
the  homologues  of  sporophores,  but  they  do  not  necessarily  produce 
spores,  since  those  first  appearing  usually  disorganize,  furnishing  sub- 
stances which  by  swelling  may  play  some  part  in  shaping  the  tissues  of 
the  wall. 

Food  for  spore  production  is  found  in  the  parenchyma  at  the  center  of 
the  immature  fruit  body  in  the  first  two  forms.  The  pycnidium  of  the 
third  species  remains  plastic  for  a  long  time,  so  that  additional  food  may 
be  easily  obtained  from  the  substratum  upon  which  the  fungus  is  growing. 
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PLATE  i 
Phyllostictina  carpogena  Shear 

A. — Section  of  a  "pycnosclerotium";  outer  cells  darkly  colored;  central  cells  thin- 
walled. 

B. — Similar  structure,  a  little  older.  An  open  space  nas  been  formed,  and  into  this 
space  the  next  surrounding  cells  have  grown. 

C. — Further  increase  in  size  of  the  central  cavity.  Disorganizing  cell  remains  lie 
about  in  the  cavity. 

D. — Fully  organized  pycnidium. 

E. — Mature  pycnidium,  showing  a  small  elliptical  ostiolar  cavity. 

F. — A  spermogonium,  showing  fine,  threadlike  outgrowths  from  the  inner-wall  cells. 
They  have  usually  disappeared  by  the  time  the  first  distinct  spermatia  are  formed. 

G. — An  older  spermogonium;  spermatiophores  clearly  delimited;  pycnospores  in 
the  cavity. 

Figures  B,  C,  D,  E,  and  G  were  photographed  with  a  3-mm.  oil-immersion  lens, 
Figures  A  and  F  with  a  4-mm.  dry  lens. 
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PLATE  2 

Phyllostictina  carpogena  Shear 

A. — Primordium  in  which  a  few  cells  at  the  center  have  undergone  disorganization; 
mucilaginous  remains  of  other  cells  still  visible;  cells  surrounding  lower  portion  of 
the  central  cavity  beginning  to  grow  inward;  two  or  three  layers  of  "carbonized" 
tissue  surrounding  the  primordium  not  shown. 

B. — Primordium  of  a  small  pycnidium;  cavity  formation  progressing;  protosporo- 
phores  growing  inward;  "carbonized"  portions  of  outer  wall  not  shown. 

C. — Similar  to  the  preceding,  but  protosporophores  more  definite. 

D. — Layer  of  cells  lining  the  cavity  composed  of  protosporophores;  colloidal  cell 
remains  still  present  in  the  cavity;  inner  wall  of  pycnidium  becoming  organized;  cell 
divisions  in  various  planes  account  for  the  increase  in  the  number  of  cells. 

Figures  were  drawn  with  the  aid  of  camera  lucida,  Zeiss  No.  8,  ocular,  3-mm.  oil- 
immersion  lens. 


PLATE  3 

Sclerotiopsis  concava  (Desm.)  Shear  and  Dodge 

A. — Mound-shaped  mass  of  hyphae  beneath  the  cuticle;  radial  growth  not  evident 
because  this  is  a  somewhat  oblique  section  of  the  primordium. 

B. — Section  of  a  primordium  at  a  slightly  later  stage,  showing  plainly  hyphae 
spreading  outward  from  a  broad  base.  The  short  terminal  cells  by  slight  lateral  ex- 
tension take  part  in  the  organization  of  the  outer  wall. 

C. — Still  older  stage  when  the  line  of  rupture  is  well  marked.  At  the  right  can  be 
seen  a  small  region  where  the  radially  growing  cell  chains  have  not  been  ruptured. 
The  break  occurs  first  by  the  destruction  of  one  or  more  of  the  cells  of  these  radially 
oriented  hyphae.  The  parallel  arrangement  of  hyphal  branches  below  the  line  of 
rupture  is  not  the  result  of  an  upward  growth  after  the  rupture  has  occurred. 

D. — Section  of  a  still  older  pycnidium,  showing  quite  distinctly  five  of  six  swollen 
cells  (center)  and  other  masses  of  stainable  degeneration  products  in  the  cavity  at 
the   right. 

E. — Same  section  as  the  preceding  except  at  a  slightly  deeper  focus,  showing  better 
how  the  line  of  rupture  cuts  across  the  radially  growing  hyphae;  degenerating  cells 
at    the    right. 

F. — An  older  pycnidium,  showing  many  swollen  cells. 

G. — A  pycnidium  found  on  leaf  of  dewberry;  cavity  partly  filled  with  masses  of 
detached  hyphal  cells  which  originally  made  up  the  bulk  of  the  young  pycnidial 
"knot." 

H. — More  highly  magnified  picture  of  a  portion  of  the  section  shown  in  F.  The  very 
small  cells  above  the  large  ones  are  detached  portions  of  the  radially  placed  hyphae, 
portions  of  which  may  become  the  future  sporophores. 

I. — Section  of  a  small  pycnidium  still  covered  by  the  tightly  stretched  cuticle. 
The  first  permanent  spores  formed  are  still  attached  to  sporophores.  There  is  very 
little  of  stainable  cell  remains  in  the  cavity.  The  radial  arrangement  of  the  cells 
which  make  up  the  wall  of  the  pycnidium  can  still  be  plainly  recognized. 
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PLATE  Aa 
Schizoparme  straminea  Shear 

A.— Section  at  an  early  stage  in  the  growth  of  a  pycnidium  grown  on  agar;  cells 
above  the  line  of  vertically  oriented  hyphae  disorganized,  thus  determining  the  line 
of  rupture;  no  buffer  tissue  yet  formed. 

B. — A  similar  section  at  a  slightly  older  stage;  buffer  tissue  partly  developed; 
location  of  the  ostiole  already  determined  by  some  disorganization  of  tissue;  line  of 
splitting  below  still  being  extended  in  both  directions. 

C- — Section  of  pycnidium  grown  on  agar  under  conditions  which  induce  the  inver- 
sion of  the  sporogenous  tissue;  buffer  tissue  erect  and  normal. 

D. — Section  showing,  like  succeeding  one,  that  the  opening  or  rupture  of  the  buffer 
tissue  is  caused  by  disorganization  and  not  by  a  tearing  apart  due  to  inequalities  in 
growth. 

E. — Disorganization  of  cells  of  the  hood  above  and  proliferation  of  cells  bordering 
the  cavity;  buds  growing  into  the  space  opened  by  disorganization. 

F. — Young  pycnidial  primordium  on  strawberry;  large  inner  cells  more  or  less 
oriented  vertically.  Above  the  center  these  cells  are  sending  out  short  hyphal 
branches  which  are  pushing  into  disorganizing  cells  in  this  region. 

G. — Similar  to  the  preceding;  protosporophores  very  distinct. 

H. — Section  of  two  young  pycnidia  grown  on  strawberry.  The  buffer  apparatus 
has  broken  through  the  host  tissue  above. 

I. — Section  of  a  pycnidium  similar  to  the  preceding;  gelatinizing  ends  of  the  in- 
cipient sporophores  clearly  visible. 

J. — Section  of  a  pycnidium  found  on  leaves  of  sumac;  remains  of  disorganized  cells 
lining  the  inner  wall  still  attached. 

a  Figures  A,  B,  and  H  are  from  photographs  by  Marguerite  Ickis. 
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PLATE  5& 

A. — Pycnidia  on  a  strawberry;  only  buffer  tissue  visible. 

B. — Characteristic  growth  of  mycelium  on  agar;  pycnidia  at  first  formed  in  con- 
centric circles. 

C. — Pycnidia  from  similar  cultures  more  highly  magnified,  showing  manner  in 
which  buffer  tissue  splits  open  frequently  in  the  form  of  a  cross. 

D. — In  older  cultures  many  pycnidia  cluster  about  the  large  one  first  formed  at  the 
center. 

E. — Buffer  tissue  seen  to  be  composed  of  cells  originating  from  the  upper  portion 
of  the  outer  wall  of  the  pycnidium. 

F. — Large  perithecia  from  a  leaf  of  Rosa,  sp.  They  show  the  same  peculiar  splitting 
of  the  buffer  tissue.     Mature  ascocarps  always  collapse  when  dry. 

G. — Upper  portion  of  a  young  perithecium,  showing  buffer  tissue  and  conical 
ostiole;  opening  not  yet  completed. 

H. — Similar  to  the  preceding;  opening  in  the  ostiole  nearly  completed. 

I. — Buffer  tissue  has  dried  up  and  broken  away.  Ascospores  just  forming;  no 
paraphyses  are  ever  present. 

J. — Shows  the  falcate  periphyses  lining  the  ostiole — two  branches  from  each  cell. 

K. — Mature  ascocarp;  remains  of  buffer  tissue  still  present. 

6  Figures  B  and  C  are  from  photographs  by  Marguerite  Ickis. 
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PLATE  6c 
Schizoparme  straminea  Shear 

A. — Mature  pycnidium  grown  on  strawberry;  buffer  tissue  well-developed;  walls 
of  cells  surrounding  the  ostiole  thickened  and  blackened;  layer  of  stainable  cell 
remains  clinging  to  inner  wall;  sporogenous  tissue  below. 

B. — Black  conical  ostiole  more  distinct,  the  only  part  yet  "carbonized." 

C. — Mature  pycnidium  grown  on  agar  in  such  a  way  as  to  cause  inversion  of  the 
sj-orogenous  tissue;  buffer  apparatus  penetrated  by  the  pointed  ostiole  oblique  to  the 
surface  of  the  medium. 

D. — Fertile  tissue  completely  inverted  so  that  two  ostioles  are  formed. 

E. — Mature  pycnidium  grown  on  strawberry. 

F. — Normal  mature  pycnidium  taken  from  a  leaf  of  sumac;  ring  of  cell  remains 
lining  the  central  cavity. 

c  Figure  A  is  from  a  photograph  by  Marguerite  Ickis. 


FURTHER  STUDIES  ON  THE  PATHOGENICITY  OF 
CORTICIUM  VAGUM  ON  THE  POTATO  AS  AFFECTED 
BY  SOIL  TEMPERATURE1 

By  B.  L.  Richards 
Department  of  Botany  and  Plant  Pathology,   Utah  Agricultural   Experiment  Station 

In  19 1 7  while  at  the  University  of  Wisconsin  the  author  began  a 
series  of  studies  on  the  relation  of  soil  temperature  as  a  factor  affecting 
the  pathogenicity  of  Corticium  -vagum  B.  and  C.  (Rhizoctonia  solani 
Kuhn).  The  results  from  that  part  of  the  work  conducted  with  the 
potato  under  control  conditions  in  the  greenhouse  formed  the  basis  of 
an  early  publication.2  During  19 18  and  19 19  these  temperature 
studies  were  extended  into  the  field,  where  the  potato  plant  and  the 
parasite  were  grown  together  under  natural  soil  conditions.3  It  is  the 
purpose  of  this  paper  to  present  the  result  of  these  field  experiments. 

In  the  greenhouse  experiments  as  reported,  several  crops  of  potatoes 
were  grown  under  controlled  conditions  in  tanks  at  soil  temperatures 
ranging  from  90  to  300  C.  The  results  obtained  indicate  definitely  that 
while  the  sterile  or  "  Rhizoctonia  "  stage  of  Corticium  vagum  may  attack 
and  produce  lesions  on  the  potato  stems  throughout  this  entire  range  of 
temperature  it  becomes  seriously  parasitic  on  this  host  only  at  soil  tem- 
peratures below  240.  Injury  to  the  cortex  of  the  young  stem  was 
found  especially  severe  throughout  a  range  of  from  120  to  210,  reaching 
its  maximum  expression  at  180.  Deep  cortical  lesions,  however,  fre- 
quently occurred  at  a  soil  temperature  as  low  as  90.  As  explained  in 
the  previous  report,2  the  most  serious  type  of  injury  was  found  to  occur 
at  the  growing  tips  of  the  young  sprouts,  as  these  were  frequently 
attacked  and  killed  before  they  reached  the  surface  of  the  soil.  This  par- 
ticular type  of  tissue  destruction  was  found  especially  prominent  be- 
tween 120  and  1 8°.  Above  180  such  growing-point  destruction  decreased 
rapidly  and  disappeared  completely  above  210.  The  pathogenic  power 
of  the  parasite  in  fact  appeared  to  be  so  definitely  inhibited  by  soil  tem- 
peratures above  21°  as  to  render  the  fungus  practically  unimportant  as 
a  pathogen  upon  the  potato  above  240. 

It  was  further  demonstrated  in  these  greenhouse  experiments  that  the 
young  potato  shoots  grew  through  uninoculated  soil  most  rapidly  at  the 
high  temperature  of  240  C.  For  continued  growth  during  the  later  pe- 
riods of  development  of  the  normal  plant,  150  to  1 8°  was  found  most  favor- 
able, while  at  the  high  soil  temperatures  of  from  240  to  300  the  plants 
were  thrown  seriously  out  of  balance  and  exhibited  a  number  of  inter- 
esting abnormalities.  The  rapid  growth  of  the  shoots  at  21  °  to  240  was 
found  to  be  an  important  factor  in  the  escape  of  the  growing  points  from 
injury  in  the  inoculated  soil. 


1  Accepted  for  publication  Jan.  16,  1922. 

5  Richards,  B.  L.  pathogenicity  of  corticium  vagum  on  the  potato  as  affected  by  soil  tem- 
perature. In  Jour.  Agr.  Research,  v.  21,  no.  7,  p.  459-482,  5  fig.,  pi.  88-qv  1921.  Literature  cited,  p. 
4S1-482. 

3  The  writer  a«ain  wishes  to  express  his  indebtedness  to  Prof.  L.  R.  Jones,  of  the  University  of  Wiscon- 
sin, for  his  helpful  suggestions  and  criticism,  and  to  Dr.  W.  A.  Crtcn,  of  the  Oftice  of  Cotton,  Truck,  and 
Forage  Crop  Disease  investigations  of  the  Bureau  of  Plant  Industry,  for  his  cooperation  in  the  field  work 
conducted  at  Plainfield,  Wis. 
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The  relative  value  of  these  data  as  an  index  to  the  pathogenic  action 
of  the  fungus  under  natural  conditions  of  potato  culture  in  Wisconsin 
was  indicated  in  field  studies  conducted  at  Madison  and  Plainfield. 

SOIL  INOCULATION   WORK  AT  MADISON,  WIS. 

During  the  season  of  1919  four  successive  plantings  of  Irish  Cobbler 
potatoes  were  made  at  approximately  10-day  intervals  in  soil  inoculated 
with  the  sterile  mycelium  of  Corticium  vagum.  In  the  process  of  plant- 
ing, a  pure  culture  of  the  fungus  grown  on  a  sand-cornmeal  medium  for 
four  weeks  was  placed  in  the  soil  and  two  one-half  tubers,  disinfected 
before  cutting,  were  planted  directly  above  but  in  contact  with  the  cul- 
ture. All  sets  were  then  covered  to  a  depth  of  approximately  6  inches. 
One  plant  was  grown  in  uninoculated  soil,  as  a  control,  for  every  two 
plants  grown  in  inoculated  soil.  In  order  to  obtain  an  adequate  range 
of  soil  temperature  the  first  crop  was  planted  at  the  early  date  of  April 
26.  The  additional  successive  plantings  were  made  in  parallel  rows  at 
the  various  dates  of  May  7,  May  17,  and  May  30.  Observations  on  the 
plants  in  each  row  were  made  approximately  six  weeks  after  planting. 
The  results  of  these  observations  are  recorded  in  Table  I.  A  thermo- 
graph record  was  kept  of  the  soil  temperature  at  a  depth  of  2  inches  4 
for  the  months  of  May  and  June.  These  temperatures,  together  with 
the  daily  precipitation  for  the  same  two  months,  are  recorded  in  Table  II. 

Table  I. — Effects  of  Corticium  vagum  on  potato  crops  planted  at  various  dates  through 

April  and  May 


Date  of  planting. 


Apr.  26 
May  7. 
17 
3° 


Total 

Total 

hills 

stems 

Stems  slightly- 

Stems  severely 

Growing  tips 

har- 

exam- 

injured. 

injured. 

destroyed. 

vested. 

ined. 

Num- 

Per 

Num- 

Per 

Num- 

Per 

ber. 

cent. 

ber. 

cent. 

ber. 

cent. 

32 

182 

17 

9-3 

27 

14.8 

47 

25.8 

27 

202 

14 

6.Q 

47 

23.2 

52 

25-5 

21 

118 

*9 

16.  1 

14 

II.  8 

8 

6.7 

25 

108 

33 

3°-S 

26 

24.  0 

6 

5-5 

Total 
stems 

in- 
jured. 


Per 

cent. 
50.0 
56.  O 

34-  7 
60.  o 


The  result  of  the  experiment  shows  no  specific  correlation  between 
the  time  of  planting  and  the  percentage  of  stems  showing  injury;  on 
the  other  hand,  the  type  and  intensity  of  injuries  produced  by  the 
fungus  are  evidently  very  closely  related  to  the  date  at  which  plantings 
were  made.  As  shown  in  Table  I  the  plants  grown  from  the  tubers 
planted  April  26  to  May  7  exhibited  a  high  percentage  of  growing-point 
destruction  as  well  as  a  large  number  of  stems  which  were  severely 
injured.  In  comparison,  the  stems  grown  from  the  tubers  planted  on 
the  two  later  dates  of  May  1 7  and  May  30  were  largely  free  from  growing- 
point  injury  and  on  the  whole  exhibited  lesions  considerably  less  severe 
than  those  shown  on  the  plants  of  the  two  earlier  crops. 

A  more  striking  feature  of  the  experiment  was  noted  in  the  fact  that 
the  secondary  stems  which  grew  later  from  the  seriously  injured  primary 

4  Thermograph  records  of  the  soil  temperature  were  also  kept  at  a  depth  of  4  inches  for  the  first  two  weeks 
of  May.  A  comparison  of  the  mean  daily  temperature  at  the  depths  of  2  and  4  inches  showed  an  average 
daily  difference  for  the  period  of  2.2°  C  The  daily  mean  temperatures  at  4  inches  after  May  19  are  calcu- 
lated by  subtracting  2.20  from  the  daily  mean  at  2  inches.     The  results  are  recorded  in  Table  II. 
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shoots  of  the  first  two  crops  remained  practically  free  from  injury  (PI. 
1,  A,  B).  The  growing  tips  of  these  secondary  stems  showed  no  indica- 
tion of  injury,  while  such  injury  as  did  occur  was  very  slight  and  con- 
fined entirely  to  the  outer  layers  of  the  cortex. 

Table  II. — Daily  soil  temperatures  and  precipitation  for  Madison,  Wis.,  for  the  months 

of  May  and  June,  iQig 


Soil  temperature  at  depth  of — 

Rain- 
fall.i 

Date. 

Soil  temperature  at  depth  of — 

Date. 

2  inches. 

4  inches. 

2  inches. 

4  inches. 

Rain- 
fall. « 

Max. 

Min. 

Mean. 

Mean. 

Max.    1    Min. 

Mean. 

Mean. 

°C. 

°C. 

°C. 

°C. 

Inches. 

°C.          "C. 

"C. 

°C. 

Inches. 

May      1 

9.0 

6.0 

7-5 

6.2 

0.  21 

June     1 

28.5 

19.  0 

23-  7 

21-  S 

0.75 

2 

8-5 

7.  0 

.  0 
•33 

2 
3 

27- S 
26.0 

18.5 
19.  0 

23.0 

22.  s 

20.8 
20.3 

•37 

Trace. 

3 

9-5 

•7 

8.2 

4 

14.8 

7.0 

10.  9 

8.7 

.  21 

4 

22.  0 

14.  0 

18.0 

15-8 

•39 

5 
6 

13-8 
14.8 

7-5 
7.0 

10.  6 
10.  9 

8-S 
8.0 

.  0 
•63 

S 
6 

23.  0 

24.  I 

14.  0 
14.  0 

18.  s 

19.  0 

16.3 
16.8 

.  01 
■  04 

7 
8 

21.  2 
16.  2 

7-5 
8.0 

14.4 
11. 1 

10.  9 
9.4 

.  0 
.  0 

7 
8 

25-5 
28.0 

13-0 
11- S 

19.  2 

20.  2 

17.0 
18.0 

.01 
.0 

9 

20.0 

5-0 

12.5 

9.2 

.  0 

9 

28.2 

20.  s 

24-3 

22.  1 

.18 

10 

20.  9 

6.0 

13-4 

9.8 

.  0 

10 

29-8  |        18.0 

23-9 

21.  7 

.18 

II 

23-  6 

6-5 

16.  s 

11.  1 

.  0 

11 

29-  5 

17-6 

23- S 

21-3 

•74 

12 

22.  9 

8.0 

IS- 4 

12.  6 

.  0 

12 

29.  0 

19.  0 

24.  0 

21.8 

.0 

13 

22.8 

6.8 

14.8 

13-9 

.  0 

13 

31- O 

20.  0 

2S-S 

23-3 

.03 

14 

22.  s 

7-S 

15-0 

13-5 

Trace. 

14 

30.  S 

20.  s 

2S-S 

23-3 

.6 

IS 
16 

17.  2 
19- S 

7.8 
9.0 

12- S 
14.2 

10.3 
12.  0 

.03 

.09 

IS 
16 

21.8 

30.  0 

21.  0 

22.  0 

26.  4 
26.  0 

24.  2 
23.8 

.  0 
Trace. 

17 

22.5 

7-5 

iS-o 

14.9 

.0 

17 

31-2 

22.0 

26.6 

24.4 

.0 

18 

24-5 

7.0 

IS- 7 

14- S 

.  0 

18 

31-8 

21.0 

26.  4 

24.  2 

.0 

19 

20 

21 

20.0 
13-8 

10.  s 
7.0 

IS- 2 
10.4 

13- S 
8.2 

.  0 
Trace. 
.  2 
.  01 
.01 

19 
20 
21 
22 
23 

34- S 
33-5 
32-5 
29.  I 
27.0 

21.  6 

22.  5 
21.  1 
21.  0 

21.8 

26.  0 
28.3 
26.8 
25.0 
24.4 

23-8 
26.  I 
24.  6 
22.8 
22.  2 

.  02 
Trace. 
Trace. 

22 

Trace. 

23 

17-5 

10.  5 

14.  0 

11.  8 

Trace. 

24 
25 

23.  2 
27.8 

6.5 

9-5 

14.8 
18.6 

12.  6 
16.  4 

.  0 
.  0 

24 

25 

28.8 
31-8 

21-  S 
21.  O 

25-1 
26.  0 

22.  9 
23.8 

•os 
Trace. 

26 

27.8 

11.  4 

12.  6 

10.  4 

.  0 

26 

27.  s          21.8 

29.  6 

27-4 

.  0 

27 

30.0 

13- 0 

21.  s 

19-3 

.  0 

27 

23-8          19- S 

21.  6 

19.4 

.0 

28 

30.5 

14.  2 

22.3 

20.  I 

.  0 

28 

30-  5           15-2 

22.8 

20.  6 

.0 

29 

32-5 

14.0 

23.2 

21.0 

.  0 

29 

32.  8  1       16.  0 

24.4 

22.  2 

.  0 

30 

32.8 

15- 0 

23-9 

21.  7 

.  02 

3° 

3-4  j        17- S 

25-  7 

25- 7 

.  0 

31 

32-  2 

18.0 

2S-I 

22.  9 

1.  72 

1  The  data  on  the  daily  rainfall  here  presented  were  obtained  from  the  monthly  meteorological  summary 
for  May  and  June,  1919,  published  by  the  local  office  of  the  U.  S.  Weather  Bureau,  Milwaukee,,  Wis., 
v.  24,  p.  36-37  and  44-4S- 

For  the  entire  period  from  April  26  to  May  25  an  average  daily  mean 
temperature  of  13.50  C.  was  maintained  at  a  depth  of  2  inches.  For- 
tunately for  the  purpose  of  the  experiment,  between  May  25  and  28 
the  weather  turned  suddenly  warmer  and  the  soil  temperature  at  once 
^rose  to  an  average  daily  mean  of  23. 50  (fig.  1).  This  high  daily  mean 
was  maintained  thereafter  until  the  conclusion  of  the  experiment. 

As  is  evident  from  the  temperature  data  submitted  in  Table  II,  the 
stems  grown  from  the  tubers  planted  April  28  to  May  7  grew  through 
cold  soil  at  temperatures  ranging  on  the  average  well  below  210  C. — the 
upper  temperature  limit  shown  in  the  greenhouse  experiments  at  which 
the  fungus  may  attack  and  destroy  the  young  growing  tips.  The  low 
temperatures  which  were  maintained  up  to  May  24  so  retarded  the 
growth  of  the  young  shoots  as  to  afford  opportunity  for  the  accumulation 
of  the  fungus  in  the  sinus  of  the  young  buds,  resulting  finally  in  the 
serious  destruction  of  the  growing  points  noted  in  the  two  earlier  crops. 
In  view  of  the  very  low  temperatures  maintained  during  the  early  part 
of  May  it  is  interesting  to  recall  that  growing-point  destruction  was 
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found  under  certain  conditions  in  the  greenhouse  experiments  to  reach 
its  maximum  expression  at  temperatures  as  low  as  120. 

In  the  case  of  the  two  later  plantings  the  young  potato  shoots  pushed 
through  the  soil  at  a  daily  mean  temperature  approximating  very  closely 
the  optimum  for  this  early  period  of  growth  (240  C.)  at  which  tempera- 
ture the  pathogenicity  of  the  fungus,  as  previously  reported,  is  definitely 
inhibited.  This  increased  rate  of  growth  of  the  host,  together  with  the 
lessened  parasitic  action  of  the  fungus  at  the  higher  soil  temperatures, 
accounts,  in  a  large  measure,  for  the  few  growing  points  injured  and  for 
the  decreased  severity  of  the  cortical  lesions  noted  in  the  later  crops. 

The  sudden  rise  in  the  soil  temperature  might  account  in  a  similar 
way  for  the  absence  of  injury  to  the  primordia  of  the  secondary  shoots 
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Fig.  i. — Graph  showing  the  range  of  the  mean  daily  soil  temperature  at  a  depth  of  2  inches  for  Madison, 
Wis.,  during  the  months  of  May  and  June,  1919.  An  average  mean  of  13. 50  C  was  maintained  from 
April  26  to  May  25.  Between  May  25  and  28  the  temperature  of  the  soil  increased  to  a  daily  mean  of 
23.5°  for  the  period  of  May  28  to  June  30  (Table  II  and  the  discussion,  p.  763). 

noted  in  the  later  two  crops  (PI.  i,  A,  B).  The  primary  stems  from  these 
early  plantings,  as  suggested,  grew  in  cold  soil  which  so  greatly  retarded 
their  rate  of  growth  as  to  permit  girdling  and  killing  of  the  tender  buds. 
Later  with  the  rise  in  the  temperature,  the  secondary  shoots  arising  from 
these  injured  primary  sprouts  were  permitted  to  grow  so  rapidly  through 
the  soil  as  to  escape  practically  uninjured.  This  is  especially  significant 
in  view  of  the  fact  that  the  fungus  undoubtedly  was  present  in  the  soil 
in  greater  abundance  at  this  later  date. 

EVIDENCE  OF  THE  IMPORTANCE  OF  SOIL  TEMPERATURE  FROM  SEED 
TREATMENT  AND  PATHOGENICITY  TESTS  AT  PLAINFIELD,  WIS. 

During  191 8  field  studies  were  made  at  Plainfield,  Wis.,  for  the  purpose 
of  determining  the  relation  of  Corticium  vagum  to  seed-potato  treatment 
and  to  crop  development.  These  studies  were  repeated  at  the  same 
place  under  comparable  conditions  in  1919.5  Such  uniformity  of  cul- 
tural methods  and  general  field  technic  were  employed  for  the  two 
seasons  as  to  control  as  far  as  possible  under  field  conditions  the  various 
factors  which  might  affect  the  virulence  of  the  fungus.  No  attempt, 
however,  was  made  to  modify  either  the  soil  temperature  or  the  soil 
moisture  content. 


*  The  details  of  these  field  tests  will  be  published  at  a  later  date;  only  such  data  as  relate  definitely  to 
the  effects  of  soil  temperature  upon  the  pathogenicity  of  Corticium  vagum  are  included  in  this  paper. 
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The  plots  used  for  the  experiments  in  the  two  different  years  were 
separated  by  a  distance  of  but  a  few  rods;  both  were  equally  level,  and 
the  soil  was  uniform  in  structure  and  texture.  Seed  for  the  two  seasons 
was  obtained  from  the  same  stock  which  had  been  grown  under  com- 
parable conditions  for  a  period  of  seven  years  on  the  farm  on  which  the 
experiments  were  located.  All  tubers  used  for  seed  were  selected  with 
equal  care  each  season  for  the  uniform  presence  of  the  sclerotia  of  Corti- 
ciwm vagum.  These  were  cut  in  halves  and  planted  5  inches  deep  at 
12-inch  intervals  in  parallel  rows  3^  feet  apart.  The  same  method  of 
taking  observations  was  employed  for  the  two  seasons. 

In  1918,  22  rows  were  planted  with  100  hills  in  each.  The  seed  for  17 
of  these  rows  was  treated  variously  with  mercuric-chlorid  and  formalde- 
hyde solution.  The  remaining  5  rows,  placed  at  regular  intervals  through- 
out the  plot,  were  planted  with  untreated  seed  for  controls.  Plantings 
were  made  on  June  13  and  14. 

The  first  data  from  the  191 8  experiments  were  taken  on  July  19,  five 
weeks  after  planting.  At  this  date  a  very  striking  difference  appeared 
between  the  control  rows  and  the  rows  grown  from  treated  seed  (PI.  1,  C). 
The  plants  in  the  control  rows  were  definitely  undersized  and  irregular; 
"misses"  were  frequent,  and  many  of  the  plants  were  just  breakingsoil, 
while  plants  in  adjacent  rows  from  treated  seed  were  10  inches  or  more  in 
height  (PI.  1,  C).  The  examination  of  alternate  plants  in  the  various 
rows  at  this  time  showed  severe  stem  lesions  on  80  per  cent  of  the  plants 
from  the  untreated  seed.  Numerous  primary,  secondary,  and  even 
tertiary  growing  tips  were  destroyed,  with  total  killing  of  the  stems  in 
many  instances.  The  destructive  attack  on  the  secondary  and  tertiary 
stems  is  shown  in  the  loss  of  16  per  cent  of  the  stand  and  further  by  the 
fact  that  the  number  of  stems  per  hill  from  the  untreated  seed  was 
reduced  over  26  per  cent  as  compared  with  the  number  from  treated 
seed. 

The  final  results  obtained  October  1 2  are  equally  definite  in  showing  the 
severity  of  the  disease  during  the  season.  Compared  with  the  healthy 
plants  the  hills  from  untreated  seed  showed  an  average  decrease  in  the 
number  of  tubers  produced  of  20.7  per  cent  with  a  corresponding  34.2 
per  cent  decrease  in  weight  per  hill.  This  average  decrease  in  weight 
per  hill,  together  with  the  16  per  cent  loss  in  the  stand,  resulted  in  an 
aggregate  loss  to  the  crop  from  the  untreated  tubers  of  approximately 
50  per  cent. 

Table  III. — Comparative  summary  of  the  results  obtained  from   the  Plainfield,    Wis., 

plots  during  the  seasons  igi8  and  igig  l 


Year. 


1918. 
1919. 


Num- 
ber of 
rows. 


22 

35 


Num- 
ber of 
hills. 


2,  200 
3,500 


Num- 
ber of 
control 
rows. 


Num- 
ber of 
control 
hills. 


500 
700 


Aver- 
age hills 
show- 
ing le- 
sions. 


Per 
cent. 
80.0 


Average 
decrease 
in  stems 
per  hill. 


Per  cent. 
26.  I 

f   Slight 


'•>'      ilncrease 


J 


Aver- 
age de- 

Aver- 
age de- 

Aver- 
age de- 
crease 

crease 

crease 

in 
stand. 

in  yield 
per  hill. 

tubers 
per  hill. 

Per 

Per 

Per 

cent. 

cent. 

cent. 

16.  O 

34-2 

20.  7 

2.8 

12.  2 

14-3 

Aver- 
age loss 
to  crop. 


Per 

cent. 
50.0 

15-4 


1  The  figures  in  the  table  are  obtained  by  comparing  the  plants  grown  from  sclerotia-covcred  untreated 
seed  with  those  growing  from  the  same  seed  equally  covered  with  sclerotia  but  treated  variously  with 
mercuric  chlorid. 
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Table  IV. — Daily  mean  air  and  soil  temperatures  and  daily  rainfall  for  Hancock,1  Wis., 

June,  igi8  and  igig 


May  26. 
27. 
28. 
29. 

3°- 

3i- 

June    1 . 

2. 

3- 

4- 

5- 
6. 

7- 
8. 

9- 
10. 

11. 

12. 

13- 
14. 

15- 
16. 

17- 
18. 
19. 
20. 
21. 
22. 

23- 
24. 

25- 
26. 
27. 
28. 
29. 

3°- 


Date. 


Daily   mean  air  tem- 
perature for  Hancock.2 


Mean  average 

Total  rainfall  for  June . 


1918 


'  c. 

17-  5 
18.0 

12.  2 

8.8 

17.  2 


25- 
21. 

19. 

17- 
16. 
19. 
19. 

IS- 

16.  1 

18.6 

17.  2 

23-9 
19.4 
17.7 
19. 

17 
26 

23 
16 

19 

18 


18.3 

144 
16.  1 
22.  2 

18.5 
20.3 
20.3 
21.  1 
19.7 
18.6 


19.  1 


1919 


•c. 

20.8 
20.8 
20.8 
20.8 
24.4 

25.8 

22.  7 

21.  9 

19. 1 
20.8 
18. 1 

iS.  8 

17- S 
16.  1 
20.3 

23.  1 
22.8 
24.7 

2  5- 
24 

2S 
23' 

24 

2S 


Daily  mean  soil  tem- 
perature for  Plainfield 


26.  I 
23- 3 


22.  2 
22.8 

23.  6 
24.7 
25.0 
20.  o 
14.4 

18.3 
22.8 


22.  o 


1918  ; 


'  C. 

18, 

19 

13 

9 

18, 
26 
22. 
20.  7 
18.2 

17: 

20 

20 
16 

i7 

19 

18.2 

24.9 

20. 

18. 

20. 

18. 

27, 

24 

17' 


20.  7 


19 

19 

15 

17 

23 

19 

21:3 

21.3 

22.  1 

20.  7 

18.6 


20.  1 


1919 


c. 


20.  6 
22.  o 
22. 

23- 
24. 

23- 
21. 

19. 

19. 

i7- 
16.5 
18.  2 

17-3 
20.8 

si.  9 

21.5 

23- 

24. 

25" 

26. 
27. 
24. 

26.  o 
26.  I 

23.8 

24-3 
23-  7 

22.  5 
22.8 

23.  1 
25.0 

31.  S 

20.  7 
22.  O 


Daily  rainfall  for  Han- 
cock. 


1918 


1919 


Inches. 


Inches. 


O.  7,0 


Trace. 
Trace. 


04 
75 


.09 


Trace. 
Trace. 


Trace.  I. 

Trace,  j. 

1.  26    . 


23.0 


2.49 


44 
09 


09 


•  °9 
•43 
Trace. 
.  01 
.91 
.04 


34 


18 
02 


1.  00 
•05 


5-69 


1  The  soil  temperatures  were  determined  and  calculated  for  a  depth  of  4  inches. 

The  nearest  weather  recording  station  to  Plainfield  was  at  Hancock,  Wis.,  6  miles  southwest.  The  soil 
and  weather  conditions  at  the  two  places  are  in  general  very  similar.  The  average  daily  mean  soil  tempera- 
ture at  a  depth  of  4  inches  at  Plainfield  during  1919  was  found  to  be  just  i°  C.  higher  than  the  average  daily 
mean  air  temperature  recorded  for  the  same  day  at  Hancock.  Assuming  the  same  relation  to  hold  true  for 
1918,  a  fair  index  is  obtained  for  calculating  both  the  soil  and  the  air  temperature  at  Plainfield  for  the  season 
of  1918. 

2  The  daily  air  temperatures  for  Hancock  for  May  and  June,  1918  and  1919,  were  calculated  directly  from 
the  Wisconsin  section  of  the  Climatological  Data,  Weather  Bureau,  United  States  Department  of  Agri- 
culture. 

3  Calculated. 


In  19 19,  35  parallel  rows  each  containing  ioo  hills  were  planted  as  in 
191 8.  Seven  of  these  rows  were  planted  with  untreated  seed  as  controls. 
Plantings  were  made  May  25  and  the  first  observations  on  July  3,  five 
weeks  later.  At  this  later  date  the  ravages  of  the  disease  were  not 
nearly  so  apparent  as  in  19 18.     While  the  control  rows  could  be  detected 
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with  little  difficulty  by  the  irregular  size  of  the  plants,  yet  "misses" 
were  infrequent  and  many  of  the  control  plants  were  equal  in  size  to  those 
from  treated  seed.  Fewer  growing  points  were  destroyed  than  was  noted 
in  191 8,  while  few,  if  any,  secondary  stems  were  seriously  attacked.  The 
lesions  on  the  whole  were  much  less  severe  than  those  of  the  previous 
year,  as  is  shown  by  the  fact  that  no  reduction  occurred  either  in  the 
stand  or  in  the  number  of  stems  per  hill  in  the  diseased  as  compared 
with  the  healthy  hills.  The  relative  severity  of  the  disease  is  further  shown 
by  the  smaller  decrease  in  the  yield  from  the  diseased  hills,  as  indicated 
both  in  the  weight  and  number  of  tubers  per  hill.  In  every  respect 
the  action  of  the  fungus  was  definitely  less  severe  during  19 19  than 
during  1918.     The  comparative  results  are  shown  in  Table  III. 

As  stated,  the  most  important  uncontrolled  factors  operating  during 
the  two  seasons  of  19 18  and  19 19  were  soil  temperature  and  soil  moisture. 
The  precipitation  was  much  lighter  during  the  first  four  weeks  after 
planting  in  19 18  than  during  the  same  period  of  19 19,  as  is  shown  in 
Table  IV.  As  shown  in  Table  V,  during  June,  19 18,  2.49  inches  fell,  as 
compared  with  5.69  inches  during  June,  1919.  For  the  second,  third, 
and  fourth  weeks  of  growth  in  1918  and  1919  the  rainfall  was  2.24  and 
4.23  inches,  respectively.  It  should  be  noted,  however,  that  during  the 
month  of  May,  1918,  9.78  inches  fell,  while  4.08  inches  of  rain  fell  in  May, 
19 19.  This  early  rainfall  no  doubt  influences  greatly  the  amount  of 
moisture  in  the  soil  during  this  early  part  of  the  crop  development. 

Table  V. — Monthly  mean  of  daily  temperature  and  total  monthly  rainfall  for  Hancock, 
Wis.,  during  the  potato-growing  season  of  1918  and  IQ19 


Month. 


Average  daily  mean  air 
temperature. 


1918 


1919 


Total  rainfall. 


1918 


1919 


May 

June 

July 

August .... 
September 


16.  o 
19.  1 
21.25 
22.  7 
12.75 


i3-i 
22.  o 

23.2 

19.  o 


9.78 

2.49 

I.  92 

3.12 
I- 31 


4.08 

5-69 
2.  13 
2.31 


By  far  the  greatest  damage  to  the  crop  occurred  during  the  season  of 
least  rainfall.  While  little  positive  evidence  is  available  as  to  the  exact 
effect  of  moisture  on  the  pathogenic  action  of  Corticium  vagum  on  the 
potato,  it  has  been  generally  assumed  to  be  more  virulent  in  relatively 
damp  soil.  It  is  hardly  probable  that  the  decreased  rainfall  during  19 18 
functioned  as  an  important  factor  in  the  greater  damage  done  by  the 
fungus  during  that  year.  It  is  suggested  in  this  connection  that  the  low 
moisture  content  of  the  soil  during  19 18  might  have  acted  as  a  retarding 
factor  in  the  growth  of  the  young  shoot  through  the  soils,  thus  contribut- 
ing to  the  severity  of  the  disease.  No  indication  of  such  retardation, 
however,  was  noted.  In  fact,  the  crop  on  the  plots  in  general  exhibited 
greater  vitality  during  the  early  season  of  19 18  than  during  the  same 
period  of  19 19. 

In  view  of  the  known  facts  the  relation  of  soil  temperature  to  the  varia- 
tion in  the  severity  of  the  disease  during  19 18  and  19 19  appears  more  clear. 
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Fortunately,  again,  for  the  purpose  of  the  experiments  the  temperature 
for  the  two  years  differed  widely.  June,  19 18,  was  cool,  averaging  o.  1 1  °  C. 
below  normal  for  the  locality,  while  June,  19 19,  was  the  warmest  that  had 
been  experienced  in  Hancock  and  surrounding  districts  for  a  long  period 
of  years,  with  an  average  of  2. 6°  above  normal.  This  high  average,  it  is 
evident  from  the  figures  submitted  in  Table  IV,  was  due  to  uniformly 
high  temperatures  rather  than  to  any  period  of  excessively  high  tempera- 
tures. Mr.  H.  B.  Hersey,  Director  of  the  Wisconsin  Section  of  the  U.  S. 
Weather  Bureau,  states  that — 

June  was  unusually  warm.  The  average  temperature  for  the  State,  69. 40  F.,  has 
been  exceeded  only  once  in  June  since  records  began  in  1891. 

The  actual  daily  mean  air  temperature  for  Hancock  for  the  month  of 
June  was  19. i°  C.  in  1918  and  220  for  the  same  month  in  1919.  The 
average  mean  daily  soil  temperature  of  23 °  was  determined  for  Plainfield 
during  June  in  1919  with  a  calculated  soil  temperature  of  20.  i°  for  1918 
(Table  IV),  or  a  difference  of  2.90.  For  the  second,  third,  and  fourth 
weeks  after  planting  the  average  daily  mean  temperature  calculated  for 
1918  was  19. 40  with  an  actual  daily  mean  of  22. 8°  for  1919,  a  difference 
of  2. 40. 

These  temperature  relations  are  especially  significant  when  considered 
in  view  of  the  critical  temperature  for  growing-point  injury  determined 
in  the  more  carefully  controlled  greenhouse  experiments.  As  previously 
indicated,  no  damage  was  found  to  occur  to  the  growing  points  of  the 
young  potato  shoots  above  2 1°  C,  while  below  this  to  as  low  as  120  serious 
destruction  of  the  young  bud  resulted.  In  19 18  the  average  mean  soil 
temperature  during  the  critical  period  of  growth  the  shoots  through  the 
soil  remained  below  this  critical  temperature,  while  in  19 19  the  average 
daily  mean  was  well  above  210.  Growing-point  destruction  was  almost 
wholly  responsible  for  the  reduced  stand  and  the  decreased  number  of 
stems  per  hill  in  the  control  rows  in  the  19 18  crop.  It  is  also  significant 
that  the  average  daily  mean  of  20.  i°  maintained  during  June  of  19 18 
approaches  closely  the  soil  temperature  (180)  found  optimum  for  the 
destruction  of  cortical  tissue  of  the  young  stems,  while  during  June,  1919, 
which  included  the  entire  time  which  the  young  shoots  were  growing 
through  the  soil,  the  average  daily  mean  soil  temperature  approximated 
closely  that  temperature  (240)  found  in  the  greenhouse  experiments  to 
be  optimum  for  the  early  growth  of  the  young  potato  shoots  and  at  which 
temperature  the  fungus,  due  to  some  inhibitive  factor,  ceases  to  be  seri- 
ously parasitic  on  potato  stems.  In  view  of  the  facts,  it  appears  evident 
that  the  greater  damage  to  the  19 18  crop,  amounting  to  three  times  that 
of  19 1 9,  was  occasioned  primarily  by  low  soil  temperature  during  that 
season.  The  high  soil  temperature,  on  the  other  hand,  appears  equally 
responsible  for  the  inhibited  action  of  the  pathogen  during  19 19. 

DISCUSSION 

Results  obtained  from  both  the  field  and  greenhouse  experiments 
emphasize  clearly  the  controlling  influence  of  soil  temperature  upon  the 
pathogenic  power  of  Corticium  vagum.  While  the  fungus,  as  was  shown 
in  the  earlier  studies,  may  produce  lesions  on  the  underground  parts  of 
the  potato  over  a  relatively  wide  range  of  soil  temperature,  it  has  become 
evident  that  variations  in  the  average  mean  soil  temperature  of  2 °  or  30 
above  or  below  2 1°  C.  and  maintained  for  the  first  few  weeks  after  plant- 
ing may  determine  accurately  the  degree  to   which  this  fungus  may 
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damage  the  potato  crop.  However,  from  the  standpoint  of  practical 
methods  of  control,  except  for  the  possible  advantage  gained  by  late 
planting,  we  may  expect  but  little  from  temperature  relation  of  the  fungus. 
This  is  the  more  evident  considering  the  fact,  as  pointed  out  in  the  earlier 
publications,  that  the  fungus  operates  most  vigorously  as  a  parasite 
under  such  temperature  as  best  favors  maximum  potato  production. 

The  generally  accepted  idea  borne  out  by  these  field  experiments  that 
the  early  crop  of  potatoes  is  more  severely  damaged  by  Corticium  vagum 
appears  to  be  largely  a  question  of  the  cooler  soil  temperatures  main- 
tained during  the  early  growth  of  the  plants.  What  part  may  be  played 
by  the  higher  soil  moisture  content  generally  occurring  during  these 
earlier  dates  remains  undetermined.  Whether  such  increased  soil 
moisture,  if  important,  contributes  directly  to  the  pathogenic  activity  of 
the  fungus  or  only  indirectly  by  its  influence  on  the  temperature  of  the 
soil  is  not  clear.  From  the  greenhouse  experiments  in  which  the  moisture 
factor  was  carefully  controlled,  it  would  appear  evident  that  such  varia- 
tions as  frequently  occur  in  the  temperature  values  between  early  and 
late  planting  might  adequately  account  for  such  differences  as  are  noted 
in  the  pathogenicity  of  the  fungus  in  question.  Again,  the  greater  sus- 
ceptibility to  the  attack  of  C.  vagum  frequently  attributed  to  our  stand- 
ard early  varieties  enters  in  as  a  possible  factor  in  the  greater  damage 
to  the  early  crops.  Here  again  it  is  not  improbable  that  the  suggested 
susceptibility  is  induced  by  the  particular  environmental  conditions  to 
which  these  early  varieties  are  exposed.  The  possible  increased  virulence 
of  the  fungus  produced  by  a  cooler  soil  evidently  functions  here  as  an 
important  factor. 

Such  determination  of  the  various  temperature  relations  of  Corticium 
vagum  made  during  these  studies  may  add  much  by  way  of  explanation 
of  many  of  the  conflicting  opinions  held  regarding  the  pathogenicity  of 
the  fungus  as  a  potato  parasite.  Seasonal  variation  in  the  severity  of  the 
stem  canker  is  easily  explained  in  view  of  the  facts  presented.  Special 
significance  is  also  given  to  the  observation  that  the  stem  canker  caused 
by  C.  vagum  reaches  its  maximum  severity  in  the  northern  potato  sections 
of  Canada  and  the  States  of  Maine,  Wisconsin,  and  Michigan,  as  also  in 
the  higher  altitudes  of  the  Western  States.  Clearly,  however,  the  fungus 
may  become  especially  virulent  on  the  very  early  crops  even  in  the  warmer 
areas. 

SUMMARY 

(1)  Special  significance  is  given  to  the  soil  temperature  relations  of 
Corticium  vagum  established  in  the  earlier  greenhouse  experiments  by  the 
field  studies  conducted  during  19 18  and  19 19.  These  studies  further 
emphasize  the  importance  of  the  soil  temperature  as  a  controlling  factor 
in  the  pathogenicity  of  the  sterile  stage  of  C.  vagum  on  the  potato. 

(2)  Corticium  vagum  caused  greater  growing-point  destruction  and  a 
more  severe  type  of  cortical  injury  on  the  early  potato  crop  planted 
April  26  and  May  7  than  on  the  later  plantings  of  May  17  and  30.  This 
difference  was  due  to  a  sudden  rise  in  the  soil  temperature  at  such  dates 
as  to  permit  early  growth  of  the  later  crops  to  take  place  in  a  very  warm 
soil. 

(3)  Growing  tips  of  the  young  primary  shoots  grown  from  potato 
tubers  planted  at  the  early  dates  of  April  26  and  May  7  were  destroyed  in 
cold  soil  by  Corticium  vagum,  while  secondary  primordia  developed  from 
such  injured  shoots  later  grew  through  warm  soil  uninjured. 
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(4)  Greater  damage  to  potato  plants  occurred  in  the  field  in  sclerotia- 
inoculated  soil  during  the  cool  season  of  19 18  with  a  daily  mean  soil 
temperature  for  June  of  20. i°  C.  than  during  1919  with  an  average  daily 
mean  of  230  for  the  same  growth  period.  This  loss  in  19 18  was  expressed 
in  a  greater  decreased  stand,  a  greater  number  and  a  more  severe  type  of 
stem  lesions,  fewer  stems  per  hill,  decreased  number  of  tubers  per  hill, 
and  a  total  loss  in  yield  of  50  per  cent  as  opposed  to  a  total  loss  of  15.4 
per  cent  in  19 19. 

(5)  The  results  in  general  indicate  that  the  occurrence  of  an  average 
daily  mean  temperature  of  2  °  above  or  below  the  critical  temperature  (2 1  °) 
for  the  pathogenicity  of  the  Corticium  vagum  on  the  growing  points  during 
the  first  six  weeks  of  potato  growth  may  accurately  govern  the  damage 
done  to  the  crop  by  this  fungus  in  any  one  season. 

(6)  Such  temperature  data  as  are  here  presented  will  go  far  in  helping 
to  explain  many  of  the  conflicting  views  held  regarding  the  pathogenicity 
of  Corticium  vagum  on  the  potato  and  other  hosts. 


PLATE  I 

A. — Irish  Cobbler  potatoes  grown  under  field  conditions  in  soil  inoculated  with  a 
pure  culture  of  Corticium  vagum.  Plant  grown  from  tuber  planted  April  26,  showing 
the  destruction  of  the  primary  growing  point  and  uninjured  secondaiy  stem.  Twenty- 
five  per  cent  of  the  growing  points  of  the  primary  shoots  of  the  crop  planted  on  this 
date  were  destroyed  (Table  I). 

B. — Same  as  A  except  that  plant  was  grown  from  tuber  planted  May  7.  A  total  of 
25-5  Per  cent  °f  the  primary  buds  of  this  crop  were  destroyed. 

The  photographs  illustrate  how  the  growing  tips  of  the  primary  shoots  growing  at 
the  lower  temperatures  were  attacked  and  killed  by  the  fungus.  Later  secondary 
shoots  arose  from  the  primary  stems  which  with  the  advent  of  higher  soil  tempera- 
tures grew  so  rapidly  through  the  soil  as  to  escape  uninjured.  The  decreased  patho- 
genic power  of  the  fungus  at  the  higher  temperature  no  doubt  aided  in  this  escape. 

C. — Potato  plot  at  Plainfield,  Wis.,  showing  the  disastrous  effects  of  Corticium  vagum 
on  the  potato  crop  during  the  cool  season,  1918.  The  third  row  from  the  right  was 
planted  with  sclerotia-covered,  untreated  tubers.  The  plants  in  the  rows  on  either 
side  were  grown  from  tubers  equally  "scurfed"  but  treated  with  mercuric  chlorid. 
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INVESTIGATIONS  OF  THE  ROSETTE  DISEASE  OF 
WHEAT  AND  ITS   CONTROL1 

By  Harold  H.  McKinney2 

Assistant  Pathologist,  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United 

States  Department  of  Agriculture 

INTRODUCTION 

It  is  the  purpose  of  this  paper  to  present  the  results  obtained  during 
the  past  three  years  in  the  investigations  on  the  rosette  disease  of  winter 
wheat.  This  disease  was  reported  from  Madison  County,  111.,  in  the 
spring  of  19 19  by  Lyman3  and  later  it  was  found  in  other  counties  in 
Illinois  and  in  several  counties  in  Indiana.  Shortly  after  its  discovery  it 
was  described  by  Humphrey  and  Johnson  (g).4  At  that  time  the  disease 
was  considered  apparently  identical  with  the  take-all  disease  occurring 
in  Australasia  and  the  footrot  disease  occurring  in  Europe.  However, 
investigations  herein  reported  show  that  the  rosette  disease  of  wheat 
differs  from  take-all  in  plant  symptoms  and  also  in  the  varietal  and  host 
ranges.  Furthermore,  none  of  the  fungi  which  are  commonly  found 
associated  with  take-all  abroad  and  in  parts  of  this  country  have  been 
found  associated  with  the  rosette  disease.  It  is  therefore  clearly  evident 
that  the  latter  disease  occurring  in  Illinois  and  Indiana  is  distinctly 
different  from  the  take-all  disease. 

The  take-all,  footrot,  and  similar  diseases  which  occur  abroad  also 
occur  in  several  States  in  this  country.5  While  the  causal  agent  may  or 
may  not  be  the  same  in  all  cases,  the  plant  symptoms  manifested  in 


1  Accepted  for  publication  Oct.  28,  1921.  In  this  paper  the  designation  rosette  disease  will  be  applied 
to  the  wheat  disease  occurring  in  Illinois  and  Indiana,  previously  referred  to  as  take-all  and  so-called  take- 
all.  The  name  take-all  will  be  used  in  referring  to  the  disease  caused  by  Ophiobolus  graminis  Sacc.  The 
diseases  producing  symptoms  more  or  less  closely  similar  to  take-all  will  be  grouped  under  the  name  footrot. 
The  investigations  upon  which  this  paper  is  based  were  carried  on  in  cooperation  with  the  Wisconsin, 
Illinois,  and  Purdue  University  Agricultural  Experiment  Stations,  the  Missouri  Botanical  Garden,  and  the 
Board  of  Education,  Granite  City,  111. 

2  Especial  credit  is  due  Prof.  G.  H.  Dungan,  of  the  Illinois  Agricultural  Experiment  Station,  for  bringing 
together  certain  fertilizers  and  seed  samples  used  and  for  assisting  in  sowing  some  of  the  plots  and  in  other 
ways,  and  Dr.  C  E.  Lcighty,  Agronomist,  Office  of  Cereal  Investigations,  United  States  Department  of 
Agriculture,  for  identifying  wheat  varieties  and  for  furnishing  all  seed  marked  "C.  I."  in  the  tables.  The 
writer  is  indebted  to  Prof.  L.  R.  Jones  and  Dr.  A.  G.  Johnson  for  helpful  suggestions  throughout  the  work 
herein  reported. 

3  Lyman,  G.  R.  "take-all"  of  wheat  in  this  country.  U.  S.  Dept.  Agr.  Bur.  Plant  Indus.  Plant 
Dis.  Survey  Circ.     1  p.     May  1,  1919.     Mimeographed. 

4  Reference  is  made  by  number  (italic)  to  "Literature  cited,"  pp.  799-800. 

5  A  wheat  disease  of  the  take-all  type  was  first  reported  in  America  from  Oregon  in  1903  by  Cordley  {3). 
None  of  the  organisims  which  are  associated  with  this  type  of  trouble  abroad  were  reported  by  him,  however, 
and  this  type  of  disease  was  not  reported  again  from  Oregon  until  192 1  (36). 

In  1919  the  same  type  of  wheat  malady  was  reported  from  Roanoke  County,  Va.  (20).  Diseased  plants 
sent  to  the  Office  of  Cereal  Investigations,  United  States  Department  of  Agriculture,  by  Dr.  F.  D.  Fromme 
on  June  16,  1919,  showed  typical  symptoms  of  take-all  and  footrot  as  they  are  described  in  the  foreign  litera- 
ture. Examinations  made  by  the  office  staff  revealed  the  presence  of  mature  perithecia  of  Ophiobolus 
graminis  Sacc,  the  organism  which  is  now  known  to  cause  take-all.  Later  this  disease  and  organism  were 
found  in  Washington  (6),  New  York  O4),  Arkansas  (36),  Oregon  (36),  and  Knox  County,  Ind.  {36). 

This  type  of  malady  associated  with  Leptosphaeria  her polrichoides  de  Not  has  been  found  in  Washington 
by  the  writer  and  with  Wojnowicia  graminis  (McAlpine)  Sacc.  and  D.  Sacc.  (21)  in  Kansas  Arkansas  and 
Oregon. 
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different  localities  have  been  observed  to  be  very  similar  and  in  general 
they  answer  the  descriptions  for  take-all  and  footrot  as  given  in  the 
foreign  papers  by  Prillieux  and  Delacroix  (26),  Mangin  (22),  McAlpine 
(79),  Foex  (4),  and  Waters  (37). 

The  rosette  disease  of  wheat  was  not  reported  until  19 19;  however, 
many  farmers  in  the  infested  areas  are  certain  that  they  have  observed 
the  trouble  in  wheat  for  many  years.  While  such  reports,  of  course,  are 
not  entirely  conclusive,  they  indicate  that  the  trouble  may  have  been  in 
existence  in  certain  of  the  infested  areas  for  a  considerable  length  of  time. 
The  fact  that  the  disease  has  recurred  each  year  since  it  was  reported  in 
19 19  adds  weight  to  this  possibility.  Furthermore,  all  attempts  to 
establish  its  origin  through  channels  of  introduction  have  failed,  indica- 
ting still  further  that  the  introduction  of  the  disease  has  not  occurred 
recently. 

As  early  as  1 802  a  destructive  wheat  disease  was  reported  by  Hollings- 
worth  (7,  8),  and  Mease  (25)  6  from  the  district  near  Elkton,  Md.  In 
some  ways  the  descriptions  of  this  malady  fit  the  symptoms  for  the 
rosette  disease,  while  in  other  respects  they  seem  to  fit  those  for  the  true 
take-all.  The  descriptions  of  this  trouble  are  not  adequate,  making  it 
difficult  or  impossible  to  tell  exactly  whether  or  not  it  was  the  same  as  the 
rosette  disease.  Further  light  may  be  thrown  on  the  matter  of  origin  after 
the  cause  of  the  rosette  disease  has  been  determined. 

COMMON  NAME  OF  THE  DISEASE 

Shortly  after  the  discovery  of  the  disease  in  Illinois,  the  name  take-all 
was  applied  to  it  by  Humphrey  and  Johnson  (9).  Later,  Stevens  (33) 
designated  the  disease  by  the  name  footrot;  and  Johnson  and  Haskell 
(12)  and  McKinney  (20) 7  have  designated  the  trouble  by  the  tentative 
name  "so-called  take-all."  Since  all  of  the  evidence  indicates  that  the 
disease  is  not  the  same  as  the  Australian  take-all,  obviously  the  name 
take-all  is  not  an  appropriate  one  for  it.  With  reference  to  the  name 
footrot  the  American  and  the  foreign  literature  shows  that  as  a  common 
name  footrot  is  closely  associated  with  the  name  take-all.  This  concep- 
tion is  confirmed  further  by  plant  pathologists  from  Australasia  and 
Europe  with  whom  the  writer  has  conferred.8  McAlpine  {19),  Massee 
(23),  and  Dana  (2)  consider  these  names  to  be  practically  synonymous. 
In  view  of  this  relationship,  the  writer  prefers  not  to  accept  the  name 
footrot  for  the  Illinois  disease.  It,  therefore,  seems  advisable  to  desig- 
nate the  disease  by  the  more  descriptive  name  "  the  rosette  disease  of 
wheat." 


6  These  rather  obscure  references  were  brought  to  the  attention  of  the  writer  through  the  kindness  of  Dr. 
G.  H.  Coons  of  the  Michigan  Agricultural  Experiment  Station. 

7  McKinney,  H.  H.  resistance  in  wheat  to  the  so-called  take-all  disease.  In  U.  S.  Dept.  Agr. 
Bureau  Plant  Indus.  Off.  Cer.  Inves.,  Cereal  Courier,  v.  12,  no.  17,  p.  229-231.     1920.     Mimeographed. 

8  Dr.  A.  D.  Cotton,  Mycologist  to  the  Board  of  Agriculture,  Kew,  England;  Dr.  E.  T.  Foex,  Director  of 
Station  of  Vegetable  Pathology,  Paris;  Dr.  A.  H.  Cockayne,  Government  Biologist,  New  Zealand  Depart- 
ment of  Agriculture,  Wellington,  New  Zealand;  Dr.  W.  L.  Waterhouse,  University  of  Sydney,  Sydney, 
New  South  Wales;  W.  R.  Birks,  Chatswood,  New  South  Wales. 
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DISTRIBUTION 

So  far  as  definitely  known,  the  rosette  disease  of  wheat  occurs  only  in 
the  States  of  Illinois  and  Indiana.  Table  I  gives  the  counties  in  which 
the  disease  has  been  located  and  the  number  of  fields  and  areas  infested 
in  each. 

Table  I. — Distribution  and  severity  of  the  rosette  disease  in.  the  United  States  in  191Q 


State. 

County. 

Number  of 

fields 

infested. 

Acreage  in 

infested 

fields. 

Extent  of  disease  in  infested 
fields. 

[Madison 

25 

48 

2 

I 

5 
6 
1 

629 
I,  "?I0.  ? 

Trace  to  85  per  cent. 
Trace  to  70  ner  cent. 

Mason 

Illinois 

Sangamon 

Logan 

*J  p""  0                                    /       r- 

380       j  Trace  to  5  per  cent. 

(Laporte 

ico       1  Trace. 

Indiana j 

Porter 

120 

5 

Trace  to  63  per  cent. 
Trace. 

1 

Tippecanoe 

ECONOMIC  IMPORTANCE 

While  the  occurrence  of  this  trouble  is  restricted  to  relatively  small 
areas,  its  importance  must  not  be  overlooked.  Under  ideal  conditions 
for  the  disease  it  has  caused  as  high  as  40  per  cent  actual  loss  of  grain 
in  a  50-acre  field.  It  is  not  uncommon  to  find  many  spots  or  large  areas 
in  a  field  where  practically  all  the  wTheat  plants  are  killed.  Sometimes, 
however,  the  diseased  plants  in  such  spots  recover  to  a  considerable 
extent  and  produce  some  grain.  However,  such  plants  usually  are  so 
delayed  in  ripening  that  they  are  green  when  the  normal  crop  is  har- 
vested. The  grain  from  such  green  plants  shrivels  badly,  and  much  of 
it  is  lost  in  thrashing.  When  much  of  a  field  is  affected  by  the  disease 
and  there  has  been  considerable  recovery,  the  greatest  quantity  of  grain 
is  saved  by  delaying  harvest  until  the  diseased  areas  are  ripe.  It  fre- 
quently is  more  economical  to  take  a  small  loss,  due  to  the  shattering  of 
overripe  healthy  plants,  than  to  harvest  the  recovered  plants  while  green. 
In  some  cases,  where  diseased  areas  in  a  field  are  more  or  less  segregated, 
it  is  possible  to  harvest  the  healthy  and  diseased  areas  separately,  thus 
reducing  losses  to  the  minimum. 

HOST  PLANTS 

Investigations  carried  on  thus  far  have  not  shown  any  other  crop  than 
wheat  to  be  positively  affected  by  the  rosette  disease.  Results  of  at- 
tempts to  infect  various  plants  will  be  found  in  Table  II.  There  is  some 
suggestion  that  rye  may  be  infected,  but  this  is  not  certain.  While 
further  investigations  are  being  conducted  to  throw  additional  light  on 
the  host  range  of  the  disease,  it  is  considered  unnecessary  to  include 
plants  outside  the  grass  family  until  more  is  known  about  the  cause  of 
the  disease. 


774 


Journal  of  Agricultural  Research  vol.  xxiii.  No.  io 


Table  II. — Percentage  of  rosette  disease  in  various  crops  planted  on  infested  land,  Granite 

City,  III.,  in  IQIQ 


Crops. 


Winter  wheats  listed  in  Tables 

VII  and  VIII  (1920-21) 

Marquis  spring  wheat 

Durum  spring  wheat 

Illinois  No.  1  spring  wheat. .  .  . 

Red  Fife  spring  wheat 

Spring  emmer 

Winter  emmer 

Spelt 

Hanna  barley 

Hannchen  barley 

Svanhals  barley 

Wisconsin  Pedigree  barley 

Rosen  rye 

Common  rye 

Spring  rye 

Texas  Red  oats 

Big  Four  oats 

Iowa  105  oats 

Sixty  Day  oats 

Iowa  103  oats 

Corn  (maize) 

Kafir 

Feterita 

Amber  sorgo 

Milo 

Sudan  grass 


Percentage 

of  roestte 

disease. 


O  to  98 
? 
? 
? 
? 
o 
o 
o 
? 
? 
? 
? 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


Crops. 


Buckwheat 

Flax 

German  millet 

Hungarian  millet 

Barnyard  millet  (Billion  Dol 

lar  grass) 

Timothy 

Awnless  rye-grass 

Italian  rye-grass 

English  rye-grass 

Bermuda  grass 

Crested  dog's-tail 

Meadow  foxtail 

Meadow  fescue 

Red  fescue 

Red  top 

Tall  meadow  oat-grass 

Kentucky  bluegrass 

Spring  vetch 

Alfalfa 

Sweet  clover 

White  clover 

Cowpea 

Navy  bean 

Rape 

Sunflower 

Giant  beggarweed 


Percentage 
of  rosette 
disease. 


o 
O 
o 
o 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


Certain  varieties  of  spring  wheat  and  of  barley  develop  symptoms 
resembling  the  rosette  disease  of  winter  wheat,  but  there  are  certain 
differences  which  make  it  questionable  whether  these  crops  are  affected 
by  the  disease. 

DESCRIPTION  OF  THE  DISEASE 

During  the  first  year's  investigations  it  was  not  possible  to  make  a 
complete  study  of  the  symptomatology  of  the  disease,  owing  to  the  fact 
that  the  work  was  not  started  until  May,  fully  seven  weeks  after  the 
disease  made  its  appearance  in  the  spring.  At  that  time  field  spotting 
was  rather  evident,  and  diseased  plants  showed  a  characteristic  stunted 
development  and  the  production  of  an  excessively  large  number  of  sec- 
ondary tillers,  giving  the  plants  a  rosette  appearance.  These  were  the 
field  and  plant  symptoms  which  attracted  attention  to  the  disease  and 
which  made  it  conspicuously  different  from  other  wheat  diseases  here- 
tofore definitely  known  in  this  country.  A  rotting  of  the  underground 
portions  of  tillers  had  started,  but  this  condition  was  suspected  to  be  a 
secondary  effect  rather  than  a  primary  cause,  as  observations,  made 
earlier  in  the  season  (April  21)  by  A.  G.  Johnson,  had  not  revealed  a 
distinct  rotting  of  the  tissues  in  ail  cases,  even  though  conspicuous  signs 
of  the  disease,  dwarfing  and  excessive  tillering,  were  noted  by  him. 

In  1920  the  field  studies  were  begun  in  the  latter  part  of  March,  just 
at  the  time  wheat  plants  were  beginning  to  show  signs  of  spring  develop- 
ment.    These  studies  were  conducted  in  experimental  plots  located  near 
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Granite  City,  111.  In  1920  the  first  signs  of  the  disease  became  manifest 
on  March  24,  and  by  April  1  there  was  no  question  as  to  its  presence. 
During  192 1  observations  were  made  on  the  experimental  plots  located 
near  Granite  City,  111.,  and  also  on  plots  maintained  by  the  Indiana 
Agricultural  Experiment  Station  near  Valparaiso,  Ind.  In  1921  the 
disease  made  its  appearance  at  Granite  City  during  the  latter  part  of 
February.  This  early  development  doubtless  was  due  to  the  fact  that 
the  winter  had  been  unusually  mild.  The  disease  has  not  yet  been 
detected  with  certaintv  in  the  fall. 

FIELD  SYMPTOMS 

Shortly  after  spring  growth  begins  diseased  areas  present  a  very  striking 
contrast  with  healthy  parts  of  the  field.  Such  areas  show  up  as  rather 
definite  patches  which  vary  in  size  and  shape  (PI.  2).  In  some  cases 
one  diseased  plant  (PI.  3,  A)  may  be  found  among  plants  showing  no 
signs  of  the  disease.  Frequently  patches  are  found  which  are  made  up 
of  only  a  dozen  or  so  diseased  plants,  but  usually  the  patches  are  con- 
siderably larger  than  this,  and  most  commonly  range  from  3  feet  to 
20  feet  or  more  in  diameter.  These  patches  sometimes  are  circular,  but 
more  commonly  are  irregular  in  outline.  Where  the  disease  is  most 
destructive,  more  than  95  per  cent  of  the  area  of  the  field  may  be  infested. 
The  marginal  limits  of  diseased  areas  tend  to  be  rather  sharply  defined 
in  contrast  with  the  rather  undefined  patching  usually  found  in  connec- 
tion with  poor  soil  conditions.  The  spotting  caused  by  the  disease  is 
independent  of  topographical  variations,  and  frequently  patches  are 
found  to  cover  both  poorly  drained  dead  furrows  and  adjacent  well- 
drained  land.  In  the  diseased  patches,  plants  which  partly  recover 
tend  to  ripen  later  than  healthy  ones,  causing  a  striking  green  spotting 
in  the  fields  at  ripening  time.  During  wet  seasons  weeds  become 
abundant  in  the  disease-infested  spots. 

PLANT  SYMPTOMS 

The  first  positive  indication  of  the  disease,  as  the  latter  is  now  inter- 
preted, consists  in  a  retarding  of  the  early  spring  development  of  the  fall 
tillers.  At  this  time  no  external  lesions  are  consistently  associated  with 
the  living  tissues  of  the  diseased  plants  (PI.  1,  B).  Occasionally  Helmin- 
thosporium  lesions  have  been  found  on  the  subcrown  internode.9  As 
pointed  out  later,  such  lesions  sometimes  are  discernible  in  the  early 
spring  on  the  dead  sheaths  of  autumn  leaves. 

In  the  course  of  about  a  week  after  the  first  appearance  of  the  rosette 
disease,  affected  plants  tend  to  develop  a  dark,  rather  bluish  green  color, 
and  numerous  secondary  tiller  buds  and  tillers  develop.  The  develop- 
ment of  these  secondary  buds  and  tillers  takes  place  around  the  crown  of 
the  plant,  in  a  manner  somewhat  analogous  to  the  twig  proliferations 
occurring  in  peach  rosette  as  described  by  Smith  (31).  The  excessive 
number  of  tillers  developed  by  diseased  plants  give  them  a  characteristic 
rosette  appearance.  Table  III  gives  results  of  tiller  counts  made  on  the 
healthy  plants  and  plants  affected  by  the  disease. 

8  The  term  subcrown  internode  as  used  in  this  paper  refers  to  the  structure  in  the  wheat  seedling  bet' 
the  crown  and  the  base  of  the  coleoptile.     Under  ordinary  conditions  this  interuodal  structure  usually 
elongates  to  a  greater  or  less  extent. 
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Table  III. — Comparison  of  tillering  in  healthy  wheat  plants  and  those  affected  by  the 

rosette  disease  of  wheat 


Variety. 

Locality. 

Date  of  observa- 
tions. 

Total 
number 
of  plants 
counted. 

Average  number 
tillers  per  plant. 

Diseased. 

Healthy. 

Harvest  Queen  (Sal- 
zer's  Prize-taker) l. 

Harvest  Queen 
(white-chaffed  Red 
Cross).1 

Madison  Co.,  111.  . 
Porter  Co.,  Ind. . . 

Apr.       7,  1920 
May       7,  192 1 

48 
54 

IO.  O 

9.  2 

4-5 
3-3 

1  Local  names:  The  white-chaffed  Red  Cross  and  the  so-called  Salzer's  Prize-taker  are  considered  to  be 
the  same  variety  grown  locally  under  the  different  names.  The  preferred  varietal  name  for  these  is  Harvest 
Queen.  The  name  "Salzer's  Prize-taker"  as  used  in  this  paper  refers  to  the  variety  with  white  chaff  and  red 
kernels  grown  under  the  this  name  in  southern  Illinois.  The  original  or  true  Salzer's  Prize-taker  is  a  variety 
with  red  chaff  and  white  kernels.     (See  p.  794.) 

At  the  time  these  spring  tiller  proliferations  become  pronounced  the 
basal  tissues  of  the  fall  tillers  begin  to  take  on  a  dull  white  to  straw  color, 
and  in  the  course  of  another  week  or  10  days  this  tissue  may  start  to 
turn  brown  and  the  whole  base  of  the  plant  may  become  rotted  (PI.  i,  C). 
This  last  condition  seems  to  vary  considerably  in  different  localities 
under  different  conditions.  In  the  vicinity  of  Granite  City,  111.,  this 
rotting  is  apparently  much  more  prevalent  than  it  is  near  Valparaiso,  Ind. 

Microscopic  examinations  10  of  the  innermost  tissues  at  the  bases  of 
stunted  tillers  of  plants  showing  the  early  symptoms  of  the  rosette 
disease  have  revealed  the  presence  of  yellowish  brown  necrotic  areas 
located  within  the  parenchymatous  region.  These  necrotic  areas  seem  to 
be  similar  to  those  found  in  the  stems  of  corn  plants  and  in  sugar-cane 
plants  affected  by  mosaic,  as  reported  by  Kunkel  (15)  and  Matz  (24), 
respectively.  Examinations  of  the  host  cells  in  and  adjacent  to  the 
necrotic  areas  frequently  show  intracellular  bodies  very  similar  to  those 
found  in  tobacco,  sugar  cane,  and  corn  plants  affected  by  mosaic,  as  de- 
scribed by  Iwanowski  (11),  Matz  (24),  and  Kunkel  (15).  These  bodies 
are  also  very  similar  to  those  described  and  figured  by  Lyon  (77)  in  con- 
nection with  the  Fiji  disease  of  sugar  cane. 

Root  systems  of  plants  in  the  early  stages  of  the  disease  do  not  show 
external  signs  of  infection  or  other  injury  consistently.  In  some  cases 
lesions  have  been  found  on  roots,  but  fully  as  many  have  been  found  on 
the  roots  of  plants  not  showing  the  symptoms  of  the  rosette  disease.  As 
the  disease  progresses  the  root  systems  of  affected  plants  show  a  retarded 
development  and  become  infected  to  some  extent  by  various  organisms. 

In  dry  situations  diseased  plants  do  not  tend  to  send  up  secondary 
spring  tillers,  and  such  plants  usually  die  early,  forming  a  drooping  tuft 
of  brown,  dead  leaves  and  tillers  (PI.  3,  B).  During  periods  of  heavy 
rain  in  the  spring,  diseased  plants  may  be  washed  and  beaten  out  of  the 
soil,  leaving  the  ground  bare  between  healthy  plants.  In  situations  of 
favorable  moisture  and  high  fertility  diseased  plants  often  recover. 
While  the  fall  tillers  of  such  plants  usually  are  killed,  the  secondary 
tillers  may  develop  into  short  culms  (PI.  4,  B)  and  produce  heads.  Such 
heads  usually  are  small  and  imperfectly  rilled  (PI.  4,  A). 

10  Much  of  the  microscopic  work  done  in  connection  with  this  phase  was  carried  on  by  Dr.  Sophia  Eckerson 
and  Dr.  R.  W.  Webb.     A  full  account  of  this  work  will  be  published  in  a  future  paper. 
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Stevens  {33,  p.  259)  recognized  the  development  of  extra  tillers  or 
"  shoots  "  as  a  characteristic  of  the  rosette  disease  (called  footrot  by  him) , 
but  apparently  he  did  not  regard  this  as  a  primary  characteristic.  He 
considered  the  browning  and  rotting  of  the  basal  portions  of  the  plants  as 
the  most  "constant"  character  of  the  disease. 

It  is  quite  true  that  when  the  rosette  disease  is  not  observed  until  a  con- 
siderable length  of  time  after  its  first  appearance  in  the  spring,  the  dark- 
ening and  rotting  of  the  basal  tissue  might  be  considered,  under  certain 
conditions,  as  constant  characters,  but  even  these  characters  do  not  seem 
to  hold  in  all  localities  where  the  disease  occurs. 

When  the  rosette  disease,  as  it  occurs  in  different  localities,  is  taken 
into  consideration,  the  most  constant  or  characteristic  symptoms  which 
have  been  found  in  three  years  of  close  observation,  consist  of  (1)  the 
arrested  spring  developments,  (2)  the  excessive  tillering,  producing  a 
rosette  appearance,  and  (3)  the  dark  blue-green  color  of  the  foliage  in 
combination  with  the  characters  mentioned  above. 

On  the  basis  of  our  present  knowledge,  the  presence  of  Helminthospo- 
rium  lesions  on,  or  a  rotting  of,  the  basal  parts  of  wheat  plants  can  not 
by  themselves  be  considered  diagnostic  characteristics  of  the  rosette 
disease.  This  Helminthosporium  is  found  to  cause  considerable  injury 
on  many  wheat  varieties  growing  in  the  regions  where  the  rosette  disease 
occurs  and  which  are  not  known  to  show  the  characteristic  symptoms 
of  rosette.  Furthermore,  this  organism  has  been  found  attacking  wheat 
in  sections  of  the  United  States  where  the  rosette  disease  is  unknown. 

It  is  not  the  purpose  of  this  paper  to  deal  with  the  take-all  and  footrot 
type  of  diseases  occurring  in  the  United  States,  but  it  does  seem  advisable 
to  give  the  principal  characteristics  of  these  troubles  as  found  in  this 
country,  in  order  that  they  may  be  distinguished  from  the  rosette  disease. 

The  field  spotting  caused  by  take-all  and  footrot  is  practically  the  same 
as  that  caused  by  the  rosette  disease.  Field  spots,  however,  tend  to 
show  up  earlier  in  the  spring  in  the  rosette  disease  than  in  take-all  and 
footrot.  The  first  indication  of  the  latter  seems  to  be  a  yellowing  of  the 
affected  plants,  a  condition  not  found  in  the  rosette  disease.  Such 
yellow  plants  rapidly  bleach  out  or  develop  a  bronze  color  and  die,  after 
which  they  tend  to  remain  erect  in  a  rather  stiff,  upright  position,  or  they 
may  break  over  at  the  base  due  to  a  dry  crownrot.  When  death  is 
caused  by  the  rosette  disease,  the  plants  turn  brown  without  passing 
through  the  yellowing  stage,  and  such  plants  droop  to  the  ground  and 
form  a  flat  tuft  of  brown,  dead  leaves. 

A  black  plate  or  scalelike  mat  of  mycelium  is  commonly  found  at  the 
base  of  the  tillers  of  plants  affected  by  the  take-all  and  footrot  type  of 
maladies,  but  this  condition  has  never  been  found  associated  with  the 
rosette  disease.  Premature  ripening  or  the  development  of  "white 
heads  "  occurs  in  the  former,  but  this  does  not  occur  in  the  rosette  disease. 
Rather  the  opposite  condition  takes  place — that  is,  delayed  ripening  of 
the  partially  recovered  diseased  plants. 

In  general  it  may  be  said  that  the  rosette  disease  of  wheat  may  be 
diagnosed  with  certainty  in  the  spring  before  healthy  plants  reach  the 
boot  stage.  After  this  period  the  disease  may,  under  certain  conditions, 
be  indistinguishable  from  certain  insect  and  other  troubles.  The  com- 
parative symptomatology  of  some  of  the  insect  maladies  and  the  rosette 
disease  will  be  taken  up  in  a  later  paper  prepared  jointly  between  the 
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Bureaus  of  Plant  Industry  and  Entomology,  United  States  Department 
of  Agriculture. 

In  certain  particulars  the  early  stages  of  the  nematode  disease  of  wheat 
resemble  the  early  stages  of  the  rosette  disease.  In  each  disease  there 
may  be  retarded  development  of  the  plants  in  the  spring  and  the  leaves 
may  develop  a  dark  green  coloration  and  become  very  broad  and  thick, 
but  in  nematode-infested  plants  there  is,  in  addition,  usually  a  marked 
crinkling  of  the  leaves  and  stems,  a  condition  not  associated  with  the 
rosette  disease.  Also,  the  leaf  and  stem  tissues  of  nematode-infested 
plants  are  very  vegetative  and  succulent  in  nature,  and  they  show  a 
characteristic  sparkling  surface.  None  of  these  characters  are  associated 
with  the  rosette  disease. 

In  reviewing  the  literature  n  it  was  found  that  certain  diseases  of  sugar 
cane  show  marked  resemblances  in  certain  particulars  to  wheat  rosette. 
The  Fiji  disease  as  described  by  Lyon  (27)  is  especially  similar,  and  like- 
wise the  Sereh  disease  described  by  the  same  writer  has  certain  charac- 
teristics in  common  with  the  rosette  disease. 

In  certain  particulars  the  mosaic  disease  of  cane  and  that  of  corn 
resemble  the  rosette  disease  even  in  the  matter  of  leaf  mottling.  The 
latter  character  has  always  been  observed  by  the  writer  in  connection 
with  wheat  rosette,  but  since  it  also  occurs  in  varieties  not  susceptible 
to  rosette  it  is  not  known  whether  the  condition  is  directly  connected 
with  the  rosette  disease.  Evidence  in  hand  suggests  that  there  may  be 
a  connection. 

CAUSE  OF  THE  DISEASE 

It  should  be  noted  that  the  development  of  typical  plant  symptoms  of 
the  rosette  disease  seems  to  be  connected  in  some  way  with  dormancy  or 
low  temperatures  which  occur  during  dormancy.  When  plants  are  not 
subjected  to  these  conditions  the  characteristic  plant  symptoms  do  not 
ordinarily  develop.  Shortening  the  dormant  period  has  given  fair 
results,  but  until  methods  are  perfected  it  will  not  be  possible  to  make 
much  progress  by  working  under  greenhouse  conditions  or  by  working 
in  the  open  out  of  the  regular  season  for  the  development  of  winter 
wheat. 

While  a  number  of  theories  have  been  advanced  concerning  the  cause  of 
the  rosette  disease,  the  exact  cause  is  still  undetermined.  The  disease  has 
been  variously  attributed  to  winter  injury  and  to  abnormal  soil  conditions, 
such  as  depleted  fertility,  presence  of  toxic  or  injurious  substances,  un- 
favorable soil  type,  and  improper  drainage.  Animal  and  plant  para- 
sites and  viruses  have  also  been  considered  the  cause.  Most  of  these 
possible  causal  agents  have  been  tested  either  directly  or  indirectly,  and 
certain  conclusions  have  been  reached.  These  agents  are  discussed  under 
the  general  divisions  (1)  nonparasitic  factors,  (a)  winter  injury,  (b)  soil 
conditions  other  than  parasitic;  (2)  parasitic  factors,  (a)  animal,  (b) 
plant;  (3)  viruses. 

NONPARASITIC  FACTORS 
WINTER  INJURY 

During  the  season  that  the  rosette  disease  was  first  reported  (19 19)  it 
was  generally  considered,  among  many  farmers,  that  the  trouble  was 
caused   by   the  abnormally   mild   winter  of    19 18- 19.     While   there   is 

11  The  writer  is  indebted  to  Dr.  C.  W.  Edgerton  for  the  use  of  his  library  in  connection  with  those 
studies. 
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evidence  that  winter  conditions  do  influence  the  development  of  the 
disease,  there  is  no  evidence  that  winter  conditions  are  the  prime  cause. 
While  the  disease  was  first  reported  after  an  unusually  mild  winter,  it 
has  recurred  each  spring  since  that  time.  In  this  3-year  period,  two 
mild  winters  and  one  severe  winter  have  occurred,  as  shown  in  figure  1. 
This  figure  shows  the  average  monthly  mean  temperature  curve  for 
the  10  years  previous  to  19 18  and  the  monthly  mean  temperature  curves 
for  the  past  3  winter  seasons  in  the  vicinity  of  Granite  City,  111.  These 
curves  are  based  upon  the  daily  temperature  records  published  by  the 
United  States  Weather  Bureau  at  St.  Louis,  Mo. 
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Fig.  i. — Graph  showing  monthly  mean  temperatures  in  degrees  Fahrenheit  for  the  six  winter  months'in 
the  years  1918-19,  1919-20,  and  1920-21,  compared  with  the  10-year  average  temperature  in  the.same  six 
months.     The  winters  of  1918-19  and  1920-21  were  unusually  mild. 

During  the  winters  of  1918-1919  and  1920-192 1  there  was  very  little 
snow  cover,  and,  as  shown  by  the  curves  (fig.  1),  these  seasons  were  above 
normal  in  temperature.  During  the  winter  of  1919-1920,  however,  ^the 
opposite  was  true. 

These  data,  together  with  the  results  from  soil  sterilization  experi- 
ments discussed  under  Parasitic  Factors  on  page  783 ,  show  that  weather 
conditions  in  themselves  are  not  the  direct  cause  of  the  rosette  disease. 


SOIL  CONDITIONS   OTHER   THAN   PARASITIC 


The  rosette  disease  has  been  found  to  occur  on  all  types  of  soil  from 
a  poor  sand  to  a  reasonably  fertile  gumbo,  and  under  all  conditions  of 
soil  drainage. 

From  the  beginning  of  these  investigations  these  factors  were  not  con- 
sidered very  promising  possibilities  as  primary  causes   of   the  disease; 
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first,  because  of  the  wide  soil  variations  under  which  the  disease  occurred, 
and  second,  because  characteristic  symptoms  of  the  diseased  wheat 
plants  are  unlike  the  symptoms  manifested  by  wheat  plants  suffering 
from  a  lack  of  fertility  or  from  poor  drainage.  Plants  suffering  from  the 
latter  conditions  usually  make  a  poor  start  in  the  fall,  and  tillering 
is  greatly  reduced  compared  with  that  of  plants  growing  in  properly 
diained,  fertile  soil.  Both  of  these  symptoms  differ  from  those  found 
with  the  rosette  disease. 

While  these  observations  practically  eliminate  soil  type  and  drainage 
factors  from  the  possible  direct  causes  of  the  disease  under  discussion, 
they  serve  only  as  indirect  evidence  concerning  the  matter  of  soil  fertility. 

From  the  standpoint  of  nutrition  and  of  soil  toxins  which  may  result 
from  decomposition  of  organic  or  inorganic  matter,  or  from  plant  root 
excretions,  it  was  considered  that  if  these  factors  were  by  any  chance 
the  primary  cause  of  the  rosette  disease,  the  fact  could  be  demonstrated 
by  conducting  simple  fertilizer,  cropping,  and  tillage  experiments  on 
infested  land. 

In  light  of  the  modern  conception  held  by  many  workers  in  soil 
technology  and  allied  branches,  as  Truog  and  Sykora  (35),  Lyon,  Fippin, 
and  Buckman  (18  p.  136-138),  Schreiner  and  Skinner  (jo),  and 
Livingston  (16),  it  was  believed  that  some  one  of  such  a  series  of  experi- 
ments would  correct  any  soil  disorders  which  might  cause  the  disease 
and  thus  in  turn  materially  control  the  disease. 

In  the  fall  of  19 19,  eight  plots  (30  by  44  feet)  of  uniformly  infested 
land  were  used  for  the  soil- treatment  experiments.12  Applications  of 
fertilizers,  lime,  and  manure  were  made  on  five  of  the  plots,  and  the 
remaining  three  plots  were  left  untreated  for  controls.  All  treatments 
were  applied  in  the  fall,  either  just  before  or  just  after  seeding.  Harvest 
Queen  (Salzer's  Prize-taker)  wheat  seed  from  a  field  free  from  the  rosette 
disease  was  drilled  across  all  of  the  treatments.  Table  IV  gives  the 
treatments,  the  rates  of  application  of  the  materials,  and  the  extent  of 
disease  which  developed  in  the  plots. 

Table  IV. — Data  showing  Utile  influence  of  fertilizers,  manure,  and  lime  upon  the 
control  of  rosette  disease  in  Harvest  Queen  (Salzer's  Prize-taker)  wheat  sown  on  uniformly 
infested  land  at  Granite  City,  III. 


Series. 


1919-20 


1920-21 


Plot 
No. 


Treatment. 


None 

Acid  phosphate 

fRock  phosphate 

[Stable  manure 

[Finely-ground  lime  stone. 
Rock  phosphate 


[Stable  manure. 

None 

Finely-ground  lime  stone . 

Stable  manure 

None 

None 

Potassium  sulphate 

Sodium  nitrate 

Acid  phosphate 

Finely-ground  lime  stone. 


Rate  per  acre. 


222  pounds. 

1  ton 

6  tons 

2  tons 

1  ton 

6  tons 


2  tons. 
6  tons. 


500  pounds.  .. 
440  pounds.  .. 
250  pounds.  .. 
2.5  tons 


Percentage 
of  plants 
diseased. 


90 
92 

97 


93 

94 
96 

93 
95 
85 
85 
87 
84 
88 


12  All  the  field  plot  experiments  referred  to  in  this  paper,  unless  otherwise  stated  ,have  been  conducted 
on  uniformly  infested  soil  near  Granite  City,  111. 
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Plainly  the  results  from  this  series  of  experiments  do  not  show  any- 
striking  influence  of  these  substances  upon  the  development  of  the 
disease. 

In  the  fall  of  1920  this  work  was  modified,  using  smaller  plots  and 
adding  fertilizer  materials  in  somewhat  greater  quantities  per  acre. 
The  plots  in  this  experiment  were  4  by  6  feet  in  size,  consisting  of  uni- 
formly infested  soil.  Harvest  Queen  (white-chaffed  Red  Cross)  seed 
from  a  field  free  from  the  rosette  disease  was  sown  in  each  plot  on  Octo- 
ber 11.  The  fertilizers  and  lime,  except  the  acid  phosphate,  were  applied 
just  before  seeding,  the  latter  was  applied  just  after  seeding. 

Table  IV  gives  the  treatments,  the  rates  of  application,  and  the 
extent  of  disease  which  developed  in  the  plots. 

As  in  the  previous  experiment,  the  results  from  this  series  show 
practically  no  influence  upon  the  development  of  the  disease.  The 
slight  variations  in  the  extent  of  disease  developing  in  the  different  plots 
during  both  seasons  is  easily  within  the  limits  of  experimental  error. 
In  fact,  such  small  differences  are  not  apparent  when  the  plots  are 
observed  casually. 

In  order  to  determine  any  possible  influence  of  cropping  methods  upon 
the  disease,  a  plot  of  infested  land  was  sown  to  various  crops  in  the 
spring  of  19 19.  Another  portion  of  the  infested  land  was  summer 
fallowed  and  still  another  portion  of  it  was  left  in  winter  wheat  which 
was  badly  infested  with  rosette  disease.  Table  V  gives  the  arrangement 
of  these  plots  and  the  crops  used.  In  the  fall  of  19 19,  after  plowing  and 
fitting,  these  plots  were  sown  crosswise  with  a  54-inch  drill  strip  of 
Harvest  Queen  (Salzer's  Prize-taker)  wheat. 

Table  V. — Influence  of  previous  crops  and  summer  fallow  upon  the  control  of  rosette 
disease  on  infested  land  during  the  spring  of  IQ20,  at  Granite  City,  III. 


Crop  grown  in  spring  of  1919. 

Crop  grown  in  fall  and  spring  of  1919-20. 

Percentage  of 
wheat  plants 
showing  dis- 
ease in  1920. 

Potatoes 

Harvest  Queen  (Salzer's  Prize-taker)  wheat. 
do 

98 
98 
94 

98 
97 
93 

Rape 

Winter  wheat  (affected  by 

rosette). 
Summer  fallow 

do 

do 

Buckwheat 

do 

Corn 

do 

In  the  spring  the  rosette  disease  developed  with  practically  uniform 
severity  on  all  the  plots.  Table  V  gives  the  relative  percentage  of  the 
disease  in  each  plot.  While  there  was  some  variation  in  the  percentage 
of  disease  occurring  in  these  plots,  the  differences  were  very  slight  and 
the  disease  control  was  practically  negative. 

In  the  fall  of  1920  Harvest  Queen  (white-chaffed  Red  Cross)  seed  was 
sown  on  infested  land,  part  of  which  had  been  in  summer  fallow  for  two 
years  and  other  parts  in  diseased  and  in  healthy  winter  wheat  the  pre- 
vious season.  During  the  following  spring  the  rosette  disease  developed 
in  all  the  plots  sown  to  the  Harvest  Queen  (white-chaffed  Red  Cross) 
seed,  and  in  no  case  was  it  possible  to  distinguish  any  difference  in  the 
percentage  of  disease  present  in  the  plots  previously  occupied  by  wheat 
and  fallow.  All  contained  from  90  to  95  per  cent  of  diseased  plants, 
showing  conclusively  that  no  control  was  obtained. 
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While  many  more  fertilizers  and  combinations  of  treatments  and  more 
extended  cropping  measures  could  have  been  tested,  it  seems  reasonable 
to  believe  that  the  experiments  carried  on  covered  a  sufficiently  large 
number  of  possibilities  to  warrant  the  drawing  of  rather  definite  con- 
clusions therefrom. 

While  the  extent  of  rosette  disease  was  influenced  very  little  in  the 
various  experiments  just  enumerated,  the  proportion  of  recovery  after 
the  development  of  the  disease  was  somewhat  less  in  the  untreated  than 
in  the  treated  and  fallowed  plots. 

In  addition  to  the  experiments  on  soil  treatments  and  on  rotation  and 
tillage  methods,  soil  disinfection  experiments  were  carried  on  in  connec- 
tion with  the  work  on  parasitic  factors.  These  experiments,  which  are 
described  later,  involved  the  treating  of  infested  soils  with  a  dilute  formal- 
dehyde solution  previous  to  seeding  in  the  fall.  Such  treatment  resulted 
in  a  complete  control  of  the  disease. 

While  little  investigation  seems  to  have  been  made  on  the  chemical 
reaction  of  formaldehyde  in  the  soil,  it  appears  to  be  rather  generally  be- 
lieved that  its  action  is  confined  largely  to  protein  substances  and  that 
its  chief  effect  in  the  soil  is  upon  living  organisms  present. 

The  results  of  the  experiments  upon  soil  treatment  and  cropping 
methods  and  those  obtained  from  soil  disinfection,  together  with  all  the 
indirect  evidence  presented,  seem  to  warrant  the  conclusion  that  im- 
proper nutrition  or  toxic  substances,  which  may  be  in  the  soil  as  a  result 
of  continuous  cropping  or  from  the  decomposition  of  organic  or  inorganic 
matter,  are  not  to  be  looked  upon  as  primary  causes  of  the  rosette  disease. 

PARASITIC  FACTORS 

This  factor  has  been  given  more  serious  consideration  than  any  other 
for  the  reason  that  a  greater  mass  of  indirect  evidence  points  in  its  direc- 
tion. 

In  order  to  throw  some  light  upon  this  phase  of  the  problem,  it  was 
decided  to  conduct  experiments  along  lines  of  soil  disinfection.  It  was 
reasonable  to  believe  that  if  the  disease  is  caused  by  certain  types  of  para- 
sites, soil  disinfection  should  control  the  trouble.  Two  experiments  were 
conducted  on  infested  soil  in  the  experimental  plots  located  near 
Granite  City,  111. 

The  first  experiment  was  conducted  in  six  standard  No.  00  galvanized 
steel  garbage  pails,  io^  inches  in  diameter  by  1 1  inches  deep.  These 
pails  were  filled  with  heavily  infested  soil.  The  soil  used  in  three  of  the 
pails  was  disinfected  with  a  solution  consisting  of  1  part  of  40  per  cent 
formaldehyde  and  49  parts  water.  This  solution  was  sprinkled  on  thin 
layers  of  the  infested  soil  as  the  soil  was  shoveled  into  the  pails.  Suffi- 
cient solution  was  used  to  produce  a  thick  mud.  This  was  done  five 
weeks  previous  to  sowing  the  seed.  The  three  pails  containing  the  un- 
treated soil  were  handled  in  the  same  manner  except  that  water  alone  was 
added  to  the  soil.  Pails  were  allowed  to  stand  in  the  open  to  air  and  dry 
out  for  about  five  weeks.  Harvest  Queen  (white-chaffed  Red  Cross) 
wheat,  a  susceptible  variety,  from  a  field  free  from  rosette  disease,  was 
sown  in  each  pail  on  October  8,  1920.  The  pails  were  set  on  a  frame  1 
foot  from  the  ground  and  surrounded  with  sawdust  held  within  a  retain- 
ing wall  (PI.  5,  A).  This  arrangement  served  to  prevent  unduly  severe 
freezing  and  winterkilling.  From  20  to  26  robust  plants  developed  in 
each  of  the  pails  during  the  fall.  No  signs  of  the  rosette  disease  devel- 
oped during  the  fall  period.     In  the  spring,  however,  the  disease  devel- 
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oped  in  92  per  cent  of  the  plants  in  the  pails  containing  undisinfected  soil. 
In  the  disinfected  soil  all  plants  were  healthy  and  remained  so  during 
the  season.13  Plates  5,  B,  and  6  show  the  photographic  evidence  ob- 
tained from  this  experiment. 

The  second  experiment  consisted  of  two  plots,  A  and  B,  each  4  by  6 
feet  in  size,  surrounded  by  wooden  frames  made  of  pine  boards  three- 
fourths  of  an  inch  in  thickness  and  8  inches  wide.  These  frames  were 
sunk  in  the  soil  4  inches,  leaving  a  4-inch  wall  above  the  soil  to  keep  out 
surface  water  (PI.  5,  A). 

The  soil  inside  these  frames  was  heavily  infested,  like  that  used  in  the 
first  experiment.  In  plot  A,  the  dry  surface  soil  was  removed  and  a 
three-fourths-inch  layer  of  the  subsurface  soil  was  removed  and  kept 
separate  and  not  disinfected.  The  remaining  soil  was  then  removed 
from  both  frames  to  a  depth  of  10  inches,  after  which  it  was  replaced  in 
thin  layers  which  were  saturated  with  the  formaldehyde  solution  pre- 
viously described.  Care  was  taken  to  return  the  soil  layers  in  the  same 
order  as  they  were  removed  so  that  the  original  strata  might  be  main- 
tained as  nearly  as  possible.  After  the  disinfection  the  plots  were  al- 
lowed to  air  and  dry  for  five  weeks,  after  which  the  undisinfected  layer 
of  infested  subsurface  soil  was  returned  to  the  surface  and  seed  trenches 
of  plot  A.  Then  Harvest  Queen  (white-chaffed  Red  Cross)  seed  from  a 
field  free  from  the  rosette  disease  was  sown  in  rows  6  inches  apart  in 
both  plots.  Good  germination  was  obtained  and  the  resulting  plants 
were  very  robust  in  the  fall,  showing  no  signs  of  rosette  disease.  In  the 
spring  essentially  the  same  results  were  obtained  as  in  the  first  experi- 
ment— that  is,  in  plot  A  a  high  percentage  of  disease  occurred,  while 
plot  B  was  essentially  healthy.  In  the  latter  plot,  however,  a  very  few 
diseased  plants  developed  around  the  edge,  due  doubtless  either  to 
splashing  of  water  or  seepage,  or  both,  from  the  infested  soil  outside, 
indicating  that  the  causal  factor  was  disseminated  to  a  slight  extent 
in  some  such  manner,  apparently  in  the  soil  water.  Apart  from  these 
few  diseased  plants,  the  plants  in  plot  B  were  healthy  and  robust, 
remaining  so  throughout  the  season  (PI.  7,  B).  Plot  A,  which  received 
the  infested  soil  before  seeding,  developed  the  disease  in  about  75  per 
cent  of  the  plants  (PI.  7,  A). 

Wheat  growing  in  the  infested  soil  just  outside  these  plots  developed 
from  85  to  95  per  cent  of  rosette  disease. 

These  results  seem  to  prove  conclusively  that  the  rosette  disease  is 
caused  by  some  factor  other  than  winter  conditions,  soil  type,  or  im- 
proper drainage;  and,  in  view  of  the  conclusions  drawn  in  connection 
with  soil  factors  other  than  parasitic,  it  seems  that  the  evidence  points 
most  strongly  in  the  direction  of  a  causal  organism  or  perhaps  to  some 
virus  which  may  be  greatly  influenced  by  formaldehyde. 

ANIMAL  PARASITES 

Insect  parasites  have  been  considered  the  cause  of  rosette  disease  by  a 
number  of  investigators  other  than  entomologists.  A  number  of  ento- 
mologists have  examined  plants  affected  by  the  rosette  disease,  and  all 
have  expressed  the  idea  that  insects  are  not  the  cause.  In  order  to 
accumulate  definite  evidence  on  these  points  investigations  have 
been  conducted  cooperatively  by  the  writer  and  W.  H.  Larrimer  of  the 
Bureau  of  Entomology,  United  States  Department  of  Agriculture.  The 
results  of  these  investigations  will  be  published  in  a  separate  paper. 

u  Similar  experiments  carried  on  later  with  steam-sterilized  soil  gave  the  same  results. 
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PLANT  PARASITES 

Close  observations  have  been  made  for  evidences  of  bacteria  and  fungi. 
While  the  first  group  has  not  yet  been  found  consistently  associated  with 
the  disease  at  any  stage  of  its  development,  certain  fungi  have  been 
found  under  certain  conditions  associated  with  the  diseased  plants 
in  the  later  stages  of  their  development,  and  also  with  the  plants  in  the 
fall  previous  to  the  development  of  the  rosette  disease  in  the  spring. 

All  of  these  parasitic  forms,  however,  have  been  found  associated 
to  a  greater  or  less  extent  with  plants  not  showing  rosette  disease. 
Owing  to  the  fact  that  the  disease  was  not  reported  until  rather  late  in 
the  spring  of  19 19,  investigations  were  not  started  until  May  of  that 
year.  Previous  to  starting  the  investigation  and  also  afterwards,  the 
pycnidia  of  Septoria  tritici  Desm.  were  found  to  be  rather  numerous  on  the 
leaves  of  many  plants  affected  by  rosette  disease  and  also  on  the  leaves 
of  plants  not  showing  the  disease  in  question.  This  organism,  however, 
was  not  consistently  associated  with  all  plants  showing  the  rosette 
disease.  In  the  spring  of  1920  this  organism  was  not  often  found  in  the 
field,  probably  on  account  of  unfavorable  winter  conditions.  During 
192 1  it  was  again  prevalent  in  the  experimental  plots  and  elsewhere. 
Although  this  organism  seems  to  be  a  leaf  parasite  primarily,  the  ques- 
tion of  its  possible  parasitic  relation  to  the  roots  and  crown  of  the  wheat 
plant  is  being  investigated. 

Upon  starting  the  work  in  May,  1919,14  it  was  found  that  a  Helmintho- 
sporium of  the  Helminthosporium  sativum  type  was  almost  always  present 
within  the  tissues  of  diseased  plants  collected  near  Granite  City,  111.,  and 
the  same  organism  was  found  associated  to  some  extent  with  plants 
affected  with  the  rosette  disease  from  other  parts  of  Illinois  and  from 
Indiana.  On  the  other  hand,  the  organism  also  was  found  rather  prev- 
alent upon  plants  free  from  the  rosette  disease.  Many  other  forms  of 
fungi  were  isolated  from  the  basal  tissues  of  plants  showing  the  advanced 
stages  of  the  rosette  disease,  but  these  were  in  the  minority  and  less  con- 
sistently associated  with  the  diseased  plants. 

At  that  time  of  year  (May)  the  presence  of  Helminthosporium  in  the 
tissues  of  plants  affected  by  rosette  disease  was  not  considered  especially 
significant,  as  this  organism  was  not  confined  to  plants  showing  the  dis- 
ease in  question,  or  to  the  infested  fields.  Further,  this  organism  had 
been  known  for  a  considerable  time  to  be  pathogenic  on  wheat,  according 
to  Johnson  (j j)  and  Bolley  (1)  and  to  be  responsible  for  many  of  the  wheat 
troubles  in  the  winter-  and  spring- wheat  belts,  but  these  troubles  differ 
in  a  number  of  respects  from  the  rosette  disease. 

During  the  season  of  1920  an  intensive  field  study  of  the  disease  was 
made  by  the  writer.  Observations  were  started  on  March  24,  just  as 
wheat  was  coming  out  of  the  dormant  condition.  As  soon  as  the  disease 
made  its  appearance  (March  26)  platings  were  made  from  the  basal 
tiller  and  root  tissue  of  both  diseased  and  healthy  plants.  This  plating 
was  conducted  by  the  writer  in  the  field  laboratory  located  at  Granite 
City,  111.,  and  by  Mr.  R.  W.  Goss,  then  with  the  Office  of  Cereal  Investiga- 
tions, located  in  the  Department  of  Plant  Pathology  at  the  University  of 
Wisconsin.  Material  used  in  the  field  laboratory  was  plated  out  within 
from  one  to  two  hours  after  the  plants  were  taken  from  the  soil.  Material 
sent  to  the  Wisconsin  laboratories  was  collected  just  in  time  to  make  the 

11  Credit  is  due  Mrs.  Edith  Seymour  Jones  for  assistance  in  connection  with  the  laboratory  work  done 
during  the  spring  and  summer  of  19  te. 
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best  train  connections  and  sent  by  special  mail  delivery.  Ordinarily 
such  material  was  in  transit  about  36  hours.  The  results  of  these  plat- 
ings have  shown  no  organism  to  be  consistently  associated  with  the  vital 
crown  tissues  of  plants  in  the  early  stages  of  the  development  of  the  dis- 
ease. By  April  15  the  same  Helminthosporium  which  was  found  during 
the  previous  season  made  its  appearance  in  the  vital  tissues  of  diseased 
plants  and  also  on  the  tiller  bases  and  the  leaves  of  plants  free  from 
rosette  disease.  From  this  time  on  through  the  season  this  organism  was 
found  to  be  rather  consistently  associated  with  the  disease.  This  was 
the  period  corresponding  to  the  time  when  the  work  was  started  the 
previous  year. 

During  the  spring  of  192 1  a  large  number  of  platings  were  made  from 
plants  in  all  stages  of  the  disease.  Material  was  obtained  from  the 
experimental  plots  located  near  Granite  City,  111.,  and  from  the  Indiana 
Agricultural  Experiment  Station  plots  located  near  Valparaiso,  Ind.  The 
plating  was  done  by  Dr.  R.'W.  Webb  in  the  laboratory  of  the  Missouri 
Botanical  Garden,  at  St.  Louis,  Mo.,  and  by  the  writer  in  the  laboratory 
of  Plant  Pathology  at  the  University  of  Wisconsin.  The  results  of  these 
platings,  which  involved  various  media,  reactions,  and  growing  temper- 
atures, were  the  same  for  the  Granite  City  material  as  those  obtained  the 
previous  year.  In  general,  it  may  be  stated  that  Helminthosporium  was 
much  less  consistently  associated  with  the  diseased  plants  collected  in 
Indiana  than  with  plants  collected  near  Granite  City,  111.  The  results  of 
early  platings  were  the  same  for  material  from  both  sources. 

Experiments  on  the  pathogenicity  of  pure  cultures  have  been  carried 
on  with  the  predominating  organisms  isolated  from  diseased  wheat 
plants.  Of  these  organisms  the  Helminthosporium  has  been  given  the 
greatest  attention.  The  results  of  this  work  show  that  this  Helmin- 
thosporium is  pathogenic  on  wheat,  causing  injuries  which  are  apparently 
identical  with  those  which  heretofore  have  been  produced  by  Johnson  (13) 
with  a  similar  or  identical  Helminthosporium  isolated  from  wheat  plants. 

The  types  of  injury  produced  by  the  Helminthosporium  isolated  from 
wheat  plants  in  the  late  stages  of  rosette  disease  may  be  summarized  as 
follows : 

(1)  Mild  to  severe  infection  of  the  coleoptile  and  first  leaf  of  the  ger- 
minating seed,  often  causing  death  of  the  seedling  before  emergence. 

(2)  Mild  to  severe  root  injury. 

(3)  Mild  to  severe  infections  of  the  underground  leaf  sheaths  and 
tillers,  from  the  seedling  stage  through  the  preboot  and  heading  stage. 

(4)  Infection  of  leaves,  causing  characteristic  lesions  which  may  occur 
anywhere  at  the  ligule  or  on  the  blade. 

(5)  Infection  of  leaf  sheaths  above  ground,  causing  lesions  very  similar 
to  those  produced  upon  leaves;  also  infection  of  the  nodes  and  internodes. 

The  same  types  of  injury  have  been  produced  by  the  same  type  of 
Helminthosporium  isolated  from  Wisconsin  wheat  not  showing  the  symp- 
toms of  the  rosette  disease  of  wheat.  Similar  results  also  have  been 
obtained  by  Stakman  (32)  with  a  Minnesota  strain  of  Helminthosporium 
which  appears  to  be  very  similar,  if  not  identical,  with  the  strains  used 
by  the  writer. 

While  Stevens  {34)  claims  to  have  proved  that  the  rosette  disease 
(called  footrot  by  him)  (jj)  is  caused  by  Helminthosporium,  it  is  not  clear 
that  his  evidence  warrants  this  conclusion.  Careful  examination  made 
by  the  writer  of  Dr.  Stevens'  diseased  plants  from  inoculation  experi- 
ments 15  revealed  only  seedling  and  young- plant  injuries  identical  with 
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those  referred  to  above  in  connection  with  the  writer's  inoculations  with 
Helminthosporium.  It  is  entirely  possible  that  Dr.  Stevens  restricts  the 
name  footrot  to  these  limited  types  of  plant  injury,  but  if  so  the  fact 
does  not  seem  to  have  been  made  clear  in  his  papers.  Further,  both  in 
personal  conferences  and  in  public  meetings  subsequent  to  the  publica- 
tion of  his  second  paper  (54) ,  Dr.  Stevens  has  stated  that  he  has  obtained 
from  inoculations  with  Helminthosporium  only  the  seedling  and  leaf 
lesions  and  that  he  has  not  obtained  from  pure-culture  inoculations  the 
dwarfing  and  excessive  tillering,  the  diagnostic  characteristics  of  the 
rosette  disease. 

While  experiments  on  pathogenicity  conducted  with  the  various 
organisms  isolated  from  plants  affected  by  the  rosette  disease  have  thus 
far  failed  to  reproduce  the  characteristic  symptoms  of  the  disease,  the 
writer  does  not  feel  justified  in  assuming  that  none  of  the  organisms 
tested  are  the  direct  cause.  As  pointed  out  earlier  in  this  paper,  exper- 
ience with  the  winter-wheat  plant  shows  that  the  peculiar  symptoms 
manifested  by  this   disease  do   not  develop  readily   under  greenhouse 


Fig.  2.— Graph  showing  tendency  toward  a  correlation  between  the 
extent  of  rosette  disease  and  the  extent  of  Helminthosporium  infec- 
tion on  wheat  plants  not  showing  the  rosette  disease  in  six  experi- 
mental plots  at  Granite  City,  111. 

conditions,  and  consequently  further  pathogenicity  experiments  are 
necessary  before  definite  conclusions  can  be  drawn. 

A  tendency  toward  a  correlation  between  the  percentage  of  Helmin- 
thosporium and  of  the  rosette  disease  is  shown  in  figure  2.  The  curves  in 
this  graph  represent  the  percentage  of  both  manifestations  upon  wheat 
plants  growing  in  six  date-of-seeding  plots,  the  infestation  of  rosette 
disease  in  the  soil  being  greatest  in  series  A  and  rather  gradually  decreasing 
toward  series  F.  The  percentage  of  Helminthosporium  injury  in  the 
various  series  was  based  on  plants  which  escaped  the  rosette  disease,  thus 
enabling  a  direct  comparison  of  results.  On  the  whole  the  correlation 
between  the  two  manifestations  is  rather  striking  and  suggests  a  possible 
connection  between  Helminthosporium  and  rosette  disease. 

In  following  the  development  of  Helminthosporium  infection  on  wheat 
growing  in  the  plots  near  Granite  City,  111.,  and  elsewhere,  it  is  found  that 
infection  takes  place  in  the  fall.     Usually  this  infection  obtains  in  the 

15  Exhibited  at  the  Chicago  meetings  of  the  American  Phytopathological  Society  in  December,  1920. 
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coleoptile  tissues  and  in  the  outer  underground  leaf  sheaths  of  the  tillers. 
Sometimes  a  mild  to  severe  infection  takes  place  in  the  subcrown  inter- 
node,  but  apparently  this  is  not  as  common  as  the  infection  of  the  other 
tissues  mentioned.  Fall  infection  seems  to  be  rarely  severe,  and  in  most 
cases  tiller  lesions  do  not  penetrate  beyond  the  first  or  second  leaf  sheath. 
Winter  wheat  sown  early  shows  a  higher  percentage  of  Helminthosporium 
infection  and  also  more  severe  injury  therefrom  than  does  late-sown 
wheat. 

A  close  study  of  the  healthy  wheat  plant  late  in  the  fall  and  through 
the  winter  indicates  that  practically  all  of  the  outer  leaf  sheaths  disinte- 
grate and  become  separated  from  the  vital  tissues  of  the  tillers  or  in  some 
cases  disappear  entirely.  Similarly,  in  plants  showing  Helminthospo- 
rium infection  on  the  outer  leaf  sheaths  in  the  fall,  these  outer  leaf  sheaths 
disintegrate,  leaving  the  inner  living  leaf  sheaths  practically  free  from 
lesions.  This  explains  the  comparative  absence  of  Helminthosporium 
on  and  in  the  vital  tissues  of  wheat  plants  early  in  the  spring.  In  this 
connection  soil-temperature  experiments  conducted  under  controlled 
conditions  show  that  the  minimum  temperature  for  the  development  of 
the  wheat  plant  is  somewhat  below  that  for  the  developement  of  Helmin- 
thosportium  infection.  This  relationship  probably  explains  why  Hel- 
minthosporium does  not  begin  its  spring  attack  on  the  vital  tissues  of  the 
plant  until  some  little  time  after  the  wheat  plant  begins  its  spring  develop- 
ment and  also  the  increased  fall  infection  of  Helminthosporium  in  early 
sowings. 

A  condition  somewhat  similar  to  rosette  disease  has  been  noted  by  the 
writer  on  Marquis  spring  wheat  growing  in  soil  badly  infested  with  Hel- 
minthosporium. Stakman  (32)  also  reports  a  similar  condition  in  spring 
wheat  growing  in  Helminthosporium-infested  soil  in  Minnesota.  While 
this  condition  does  resemble  rosette  disease  in  certain  respects,  it  differs 
in  others,  as  pointed  out  by  Stakman. 

Preliminary  field  studies  made  during  the  early  winter  of  1920—21  on 
Harvest  Queen  (white-chaffed  Red  Cross)  wheat  plants  growing  in  soil 
known  to  produce  the  rosette  disease  showed  that  plants  with  fall  infec- 
tion of  Helminthosporium  on  the  subterranean  portions  of  the  tillers  and 
on  the  subcrown  internodes  produce  more  tillers  than  plants  free  from 
such  infection.  Actual  counts  showed  42.5  per  cent  more  tillers  on  the 
infected  plants  than  on  healthy  ones. 

In  order  to  determine  the  influence  of  Helminthosporium  upon  tiller 
development,  sterilized  soil  was  inoculated  in  the  greenhouse  with  a 
heavy  water  suspension  of  the  conidia  of  the  Helminthosporium  isolated 
from  a  plant  affected  by  rosette  disease.  Another  plot  identical  with 
the  former  in  every  way  except  that  the  soil  was  not  inoculated  was 
used  for  the  control.  These  plots  contained  about  10  square  feet  each. 
Harvest  Queen  (white-chaffed  Red  Cross)  wheat  (susceptible  to  rosette 
disease)  and  Marquis  spring  wheat  (susceptibility  questionable)  were 
sown  in  both  plots.  The  same  number  of  seeds  was  used  in  each  plot 
and  for  each  variety,  and  seeding  was  done  under  the  same  conditions 
in  each  plot.  The  results  of  this  experiment,  given  in  Table  VI,  show 
a  stimulation  in  tiller  development  in  plants  of  the  Harvest  Queen 
(white-chaffed  Red  Cross)  wheat  infected  with  Helminthosporium,  but 
not  in  Marquis. 

While  an  increase  in  the  number  of  tillers  was  obtained  in  Harvest 
Queen   (white-chaffed   Red  Cross),   this  was  noticed    only  by  making 
27135—23 2 
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careful  counts,  as  there  was  no  striking  indication  of  the  characteristic 
stunting  or  blue-green  color  which  occur  on  plants  affected  by  rosette 
disease.  Comparisons  between  Tables  III  and  VI  will  show  that  while 
there  is  an  increase  in  tiller  development  from  the  Helminthosporium 
inoculations,  this  increase  is  somewhat  less  than  that  found  in  plants 
showing  rosette  disease  under  field  conditions. 

While  these  are  only  preliminary  data  they  indicate   that  Helmin- 
thosporium is  capable  of  stimulating  tiller  development.16 

Table  VI. — Influence  of  Helminthosporium  infection  upon  tiller  development  in  Mar- 
quis and  Harvest  Queen  {white-chaffed  Red  Cross)  wheat 


Variety. 

Susceptibility  to 
rosette  disease. 

Number  of 
plants. 

Reduc- 
tion in 
stand 
on  inoc- 
ulated 
series. 

Average  number 

of  tillers  per 

plant. 

Inocu- 
lated 
series. 

Uninoc- 
ulated 
series. 

Inocu- 
lated 
series. 

Uninoc- 
ulated 
series. 

Marquis 

Questionable 

Positive 

240 
270 

263 
297 

Per  ct. 
8.7 
9.0 

2.66 
4-05 

2.65 
2.74 

Harvest  Queen   (white-chaffed 
Red  Cross). 

The  correlations  and  other  indirect  evidences  presented  show  that, 
under  certain  conditions  at  least,  Helminthosporium  is  very  closely 
associated  with  the  rosette  disease,  and,  as  pointed  out  by  the  writer 
(20),  there  is  a  suggestion  that  the  disease  possibly  may  be  an  unusual 
manifestation  of  the  Helminthosporium  disease  of  wheat  which  has 
been  known  for  some  time  to  be  present  in  several  States  (1),  (10),  (32), 
in  the  spring-  and  winter-wheat  belts.  Studies  now  under  way  will 
throw  additional  light  upon  the  relation  of  this  and  other  organisms 
to  the  development  of  the  disease  in  question. 

TOXINS   AND   VIRUSES 

This  group  of  factors  has  been  considered  among  the  possibilities  of 
cause,  and  experiments  now  under  way  should  throw  some  light  upon  it. 

INTRACELLULAR   BODIES 

While  it  is  possible  that  the  intracellular  bodies  mentioned  earlier  in 
this  paper  may  be  some  unusual  type  of  organism  which  bears  some  rela- 
tion to  the  cause  of  the  rosette  disease,  it  is  also  possible  that  they  are 
reactionary  bodies  produced  in  the  cells  as  a  result  of  the  disease. 

Although  these  bodies  have  been  found  associated  with  the  rosette 
disease,  they  have  also  been  found  associated  with  a  mosaic-like  leaf 
mottling  in  plants  not  showing  the  dwarfing  characteristic  of  plants 
affected  with  the  rosette  disease.  Thus  far  these  intracellular  bodies 
have  not  been  found  in  wheat  plants  showing  neither  the  rosette  dwarfing 
nor  mosaic-like  leaf  mottling.  Further  studies  on  both  diseased  and 
healthy  plants  are  necessary  before  the  nature  of  the  bodies  and  their 
relation  to  the  disorders  can  be  definitely  determined. 

16  Various  workers,  including  Grantham  (5)  and  Rimpau  (28),  have  shown  that  tillering  is  stimulated 
by  wide  spacing  between  wheat  plants.  While  the  slight  seedling  killing  in  the  inoculated  plots  resulted 
in  a  slight  increased  spacing,  such  spacing  was  practically  the  same  in  both  varieties.  Furthermore,  no 
results  have  yet  been  found  which  indicate  that  such  a  small,  irregularly  distributed  increase  in  spacing 
will  increase  tillering  to  the  extent  manifested  in  Harvest  Queen  (white-chaffed  Red  Cross)  wheat. 
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SPREAD  OF  THE  DISEASE 
BY  INFESTED  SOIL 

This  point  has  been  proved  by  experiments  which  involved  the  trans- 
ferring of  infested  soil  to  small  plots  of  disease-free  soil  located  in  Alham- 
bra,  111.,  and  at  Madison,  Wis.,  and  by  introducing  infested  soil  into 
soil  sterilized  with  a  1  to  49  solution  of  40  per  cent  formaldehyde  and 
water  at  Granite  City,  111.  The  latter  experiment  is  discussed  under 
the  head  of  parasitic  factors. 

In  all  cases  the  typical  symptoms  of  the  rosette  disease  developed  in 
the  plots  located  at  the  two  points  given  and  in  the  soil-disinfection 
experiment  where  undisinfected,  infested  soil  was  introduced.  In  every 
case  healthy  plants  developed  in  the  local  and  disinfected  soil. 

The  summer-fallow  experiments  discussed  under  soil  factors  other 
than  parasitic  show  that  the  causal  factor  can  persist  in  the  soil  for  at 
least  two  years  without  apparent  loss  of  its  disease-producing  powers. 

BY   INFESTED   SEED 

In  1920  seed  was  selected  from  plants  which  had  practically  recovered 
from  the  attack  of  the  rosette  disease.  In  the  fall  this  seed  was  sown  in 
field  plots  located  at  Madison,  Wis.,  and  Alhambra,  111.,  and  also  in 
disinfected  soil  at  Granite  City,  111.  While  the  resulting  plants  were 
not  robust,  due  to  the  poor  quality  of  the  seed  used,  all  plots  and  soil 
containers  were  free  from  any  indications  of  the  rosette  disease.  Adja- 
cent plots  receiving  the  infested  soil  in  each  case  developed  the  disease. 

While  these  results  demonstrate  that  the  disease  was  not  borne  by 
the  seed  used  in  the  experiment  it  is  not  felt  that  they  are  conclusive. 
Certain  field  observations  lead  to  the  belief  that  under  certain  conditions 
the  disease  is  seed-borne.  The  foregoing  results  tend  to  indicate  that 
the  disease  is  not  due  primarily  to  a  "running  out"  nor  to  constitutional 
weakness  of  the  susceptible  variety. 

BY   INFESTED   STUBBL.E 

Parallel  experiments  with  the  stubble  of  diseased  plants  were  carried 
on  with  the  seed  and  soil  transmission  experiments,  and,  as  in  the  seed 
experiments,  negative  results  were  obtained.  These  results  are  not 
considered  conclusive,  however,  and  this  point  is  being  investigated 
further. 

CONTROL    MEASURES 

Various  control  measures  have  been  under  investigation,  and  distinct 
progress  has  been  made  in  controlling  the  disease  through  the  use  of 
resistant  or  immune  varieties. 

As  noted  previously,  various  experiments  on  the  applications  of  fer- 
tilizers, manure,  and  lime,  and  involving  limited  cropping  methods,  have 
failed  to  effect  a  control  of  the  disease,  although  most  of  these  have  in- 
creased the  percentage  of  recovery  after  the  disease  has  developed. 
Seed  treatments  also  have  failed  to  effect  a  control.  This  is  to  be  ex- 
pected, however,  as  the  disease  is  soil-borne.  The  burning  of  stubble 
and  the  application  of  iron  sulphate  to  the  soil  failed  to  give  control. 
Extremely  late  seeding  controls  the  disease  to  a  considerable  extent. 
However,  the  seeding  must  be  late  enough  so  that  the  plants  do  not 
emerge  until  the  following  spring,  and  for  this  reason  the  method  is  not 
practicable. 
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VARIETAL   RESISTANCE 

Extensive  studies  of  varietal  resistance  have  been  made  during  the 
past  two  seasons.  Many  of  the  eastern  wheat  varieties  have  been  grown 
on  infested  soil,  and  the  disease  has  been  controlled  perfectly  where  re- 
sistant varieties  have  been  used. 

In  1919-20,  10  local  varieties  of  wheat  adapted  to  central  Illinois 
were  sown  on  uniformly  infested  land  near  Granite  City,  Illinois.  The 
varieties  were  sown  in  adjacent  parallel  strips  a  drill-width  (54  inches) 
wide  and  50  rods  long.  The  essential  part  of  the  writer's  results  from 
these  experiments  were  first  published  by  Reed  and  Dungan  (27). 
Later  the  results  were  published  by  the  writer17  and  by  Humphrey, 
Johnson,  and  McKinney  (10).  These  data  are  also  given  at  this  time 
in  Table  VII. 

In  1920-21,  150  varieties  and  selections  of  winter  wheat 18  were  tested 
for  susceptibility.  Most  of  these  were  eastern  varieties  obtained  from 
Dr.  C.  E.  Leighty,  of  the  Office  of  Cereal  Investigations,  but  several  were 
received  from  Mr.  G.  H.  Dungan,  of  the  Illinois  Agricultural  Experiment 
Station.  All  were  sown  by  hand  in  rows  8  inches  apart  and  1  rod  long, 
on  uniformly  infested  land  near  Granite  City,  111.  The  varieties  ob- 
tained from  the  Office  of  Cereal  Investigations  were  sown  in  double 
rows  and  those  received  from  the  Illinois  Agricultural  Experiment  Sta- 
tion were  sown  in  single  rows.  A  local  susceptible  variety,  Harvest 
Queen  (white-chaffed  Red  Cross),  from  a  disease-free  field  was  sown 
after  every  tenth  variety  throughout  the  series  to  serve  as  a  control 
upon  the  uniformity  of  soil  infestation.  All  control  rows  showed  from 
90  to  95  per  cent  of  the  rosette  disease  in  the  spring.  Table  VIII  gives 
the  list  of  varieties  and  selections  and  the  percentage  of  disease  develop- 
ing in  those  which  showed  susceptibility.  Owing  to  the  limited  size  of 
these  plots  and  to  the  fact  that  the  stand  in  many  of  the  plots  was 
rather  irregular,  due  to  the  very  dry  fall  of  1920,  yields  were  not  taken 
on  this  series.  Observations  were  made,  however,  on  the  general  thrift 
of  the  varieties. 

The  outstanding  feature  of  this  experiment  is  the  fact  that  only  6  per 
cent  of  all  varieties  showed  susceptibility  to  the  disease. 

17  McKinney,  H.  H.  resistance  in  wheat  to  the  so-called  take-all  disease.  In  U.  S.  Dept.  Agr. 
Bur.  Plant  Indus.  Off.  Cer.  Inves.  Cereal  Courier,  v.  12,  no.  17,  p.  229-231.     1920.     Mimeographed. 

18  In  a  recent  publication  on  classification  of  American  wheat  varieties  (Clark,  J.  Allen,  Martin,  John 
H.,  and  Ball,  Carleton,  R.  Classification  of  American  wheat  varieties.  U.  S.  Dept.  Agr.  Bui. 
1074,  238  p.,  76  fig.,  60  pi.  1922.  Literature  cited,  p.  219-230),  published  since  this  paper  was  prepared,  the 
following  nomenclature  has  been  proposed  for  certain  of  the  varieties  included  in  these  experiments.  In 
the  following  list  the  names  used  in  this  paper  precede  the  corresponding  ones  used  in  the  work  cited:  Amer- 
ican Bronze=  Prosperity;  Budapest=  Pester boden;  Crimean=  Turkey;  Dietz  Longberry=  Fulcaster; 
Early  Harvest=Red  May;  Early  May=  Flint;  Early  Ripe=Red  May;  Enterprise=  Red  May;  Eversole= 
Fulcaster;  Ghirka  Winter=  Alton;  Harvest  King=  Poole;  Hedge  Prolific=  Poole;  Hungarian=  Pesterboden; 
Indiana  Swamp=  Valley;  Lancaster=  Mediterranean;  Malakof=  Turkey;  Michigan  Amber=Red  May; 
Michigan  Wonder=Red  May;  Miller's  Pride=  Mediterranean;  Minnesota  Reliable=  Turkey;  Missouri 
Bluestem=  Mediterranean;  Niagara=  Gipsy;  Orange=Red  May;  Pearl  Prolific=Currell;  Pennsylvania 
Bluestem=  China;  Pride  of  Indiana=Red  May;  Red  Cross=Red  May;  Reliable=  Gipsy;  Stoner  (Marvel- 
ous^ Fulcaster;  Stoner=  Fulcaster;  Super  (Burbank's)=  Jones  Fife;  Theiss=  Turkey;  Velvet  Chaff  (Pen- 
quite)=  Penquite;  Winter  Fife=  Jones  Fife;  Worlds  Champion=  Turkey. 
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Table  VII. — Percentage  of  rosette  disease  infection,  acre  yield  in  bushels,  and  bushel 
weight  of  10  varieties  of  winter  wheat  grown  in  plots  §4  inches  wide  by  jo  rods  long,  on 
uniformly  infested  soil,  at  Granite  City,  III.,  in  IQ20 


Variety. 


Harvest  Queen  ("Salzer's  Prize-taker") .  . 

Red  Wave 

Ulini  Chief 

Harvest  King 

Early  May 

Harvest  Queen  (white-chaffed  Red  Cross) 

Fultz 

Winter  Fife 

Turkey 

Fulcaster 


Infection  by 
rosette  disease. 


90  per  cent .... 

o 

25  to  30  per  cent 

Trace 

o 

78  per  cent .... 

2  per  cent 

2  plants 

o 

2  per  cent 


Acre 
yield . 


Bushels. 
8.87 

28.33 
24.  08 

28.83 

25.61 

I3-5I 
26.  20 

32-87 
21.  SO 
25.80 


Bushel 
weight. 


Pounds. 


54 
56 
58 
56 
58 
53 
59 
58 
60 
60 


75 
75 
00 

50 

50 
00 

50 
5° 
00 

75 


Table  VIII. — Percentage  of  rosette-disease  infection  in  150  varieties  and  strains  of  winter 
wheat  grown  in  rod  rows  in  uniformly  infested  soil  near  Granite  City,  III.,  in  IQ2I 


Variety. 


Susceptible : 

Harvest  Queen  (white-chaffed  Red  Cross) . . 
(Selection  No.  13462,  bearded,  red-chaffed). 

Harvest  Queen 

Niagara  (Sel.  No.  13535) 

Velvet  Chaff  (Penquite) 

Missouri  Bluestem 


Dawson  (Dawson's  Golden  Chaff) 

Illini  Chief  1 

Illini  Chief 

Budapest 

Turkey  (Wis.  No.  18)  1 

World 's  Champion  ' 

Resistant: 

Ahrens 

Alabama 

American  Bronze 


Beloglina  * 

Crimean 

Crimean X Fultz  (R.  5,  1919)1. 
CrimeanXFultz  (R.  6,  1919). 
CrimeanXFultz  (R.  7,  1919)1. 
CrimeanXFultz  (R.  8,  1919). 

CrimeanXFultz  (R.  9,  1919)1. 


Currell . 


CurrellXFultz  (R.  12,  1919)1. 
CurrellXFultz  (R.  13,  1919). 


Dietz  Longberry. 
Early  Harvest .  . 


Seed  source. 


111.  Sta... 

C.  I.  4834. 
C.  I.  4882. 
C.I.  5307. 
C.  I.  3540. 
C.  I.  1912. 
fill.  9-225. 
LC.  I.  6161. 
111.  Sta... 
C.  I.  5406. 
C.  I.  5789. 
111.  Sta.... 
....do.... 


Percentage 
of  disease. 


95 

95 

75 
70 

65 
60 

Trace. 

Trace. 

Trace. 

Trace . 

Trace . 

Trace . 

Trace . 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


1  Especially  robust. 
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Table  VIII. — Percentage  of  rosette-disease  infection  in  l§0  varieties  and  strains  of  winter 
wheat  grown  in  rod  rows  in  uniformly  infested  soil  near  Granite  City,  III.,  in  IQ2I — 
Continued 


Variety. 


Resistant — Continued . 

Early  May 

Early  Ripe 

Enterprise 

Evans 

Eversole  ' 

Fulcaster  (R.  959,  1918). 
Fulcaster  * 


Seed  source. 


Fulcaster . 


Fultz. 


Fultz  type  (selection  from  C.  I. 

Fultz  type  (R.  408,  191S) 

Fultzo-Mediterranean 

Ghirka  Winter 


36°4)  ■ 


Gipsy 


Gladden. 


Gold  Coin 

Gold  Coin  (Junior  No.  6) 

Golden  Wave 

Grandprize 

Harvest  Queen  (white-chaffed  Red  Cross, 
Salzer's'Prizetaker).1 

Harvest  King 

Hedge  Prolific 

Hungarian  1 

Indiana  Swamp  (white-chaffed)  l 

Jones  Fife  ' 

Jones  Fife 

Jones  Paris  Prize 

Kanred  1 


Kharkof  l 

Lancaster 

Leap 

Malakof 

Malakof  1 

Mammoth  Red. 


Mealy . 


Mediterranean . 


Michigan  Amber  l. 
Michigan  Wonder . 


Miller's  Pride 

Minnesota  Reliable 

New  Amber  Longberry. 

Nigger 

Odessa 


Local 

ci.  5319 

C  I-  3399 

C.  I.  2946 

C.  I.  3011 

C.  I 

CI.  3013 

c  I.  3407 

C.  I.  4862 

C  I.  1923 

C  I.  3349 

C  I.  3423 

C  I-  3594 

CI.  3598 

C.  I 

C.  I 

C.  I.  3421 

C.  I.  1438 

C.  I.  3459 

111.  Sta 

C  I.  3440 

C.  I.  5644 

111.  Sta 

CI-  5355 

C.  I 

C.  I.  6684 

CI.  5627 

Resistant  selection . 


C  I.  5647 

C.  I.  4859 

Ill  Sta 

....do 

C.  I.  5608 

C.  I.  1942 

CI.  3568 

C.  I.  5146 

111.  Sta 

C.  I.  5661 

c  1. 1945 

C.  I.  5618 

C.  I.  5663 

111.  Sta.  No.  5-460. 
C.  I.  2008 

ci.  3563 

C.  I.  5404 

ic.  1.3565 

c.  1.3467 

ci.  1395 

c  1. 3332 

111.  Sta 

C.  I.  4864 

C.  I.  5321 

C.  I.  4865 

111.  Sta 

C  I.  3361 

C  I.5652 

C.  I.  6151 


Percentage 
of  disease. 


O 
O 
O 
O 
o 
O 
O 
O 
O 
O 
O 
O 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


1  Especially  robust. 
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Table  VIII. — Percentage  of  rosette-disease  infection  in  150  varieties  and  strains  of  winter 
wheat  grown  in  rod  rows  in  uniformly  infested  soil  near  Granite  City,  III.,  in  IQ2I — 
Continued. 


Variety. 


Seed  source. 


Percentage 
of  disease. 


Resistant — Continued 

Ontario  Wonder 

Orange 

Padui1 

Palmer 

Pearl  Prolific 

Pennsylvania  Bluestem 

Pesterboden  1 

Poole 

Portage 

Pride  of  Indiana 

Red  Cross  (red-chaffed) 

Red  Hussar 

Red  May 

Red  Rock 

Red  Russian 

Red  Wave  J 

Red  Wave 

Reliable 

Rudy 

(Selection)  1 

(Selection)  (brown-bearded) 

(Selection) 

(Selection)  (white-bearded) 

(Selection) 

(Selection)  r 

(Selection) 

(Selection  from  C.  I.  3079) 

(Selection  No.  13 1058) 

(Selection  No.  13838) 

(Selection  No.  13 12 18) 

(Selection  No.  131 156) 

Stoner  (Marvelous) 

Stoner 

Super  (Burbank's) 

Theiss 

Tread  well 

Triumph 

Trumbull  l 

Tule 

Turkey 

Turkey  ! 

Turkey 

Turkey  (Wis.  Ped.  No.  2) 

Turkey  (Iowa  No.  404)  ' 

Turkev  ' 

Turkish  AmberXDale  Gloria  (R.  3,  1918).. 
Turkish  AmberXDale  Gloria  (R.  4,  1910).. 

Wheedling 

Winter  Chief 


C. 
C. 


3843- 
4868. 

6i53- 
6685. 

C  I.  3484. 
C.I.  5342. 
111.  Sta. .. 

C  I.  5653- 
I-  537°- 
I.  3492. 

I.  53i8. 

I-  3579- 
111.  Sta... 

C-  I-  5339- 
111.  Sta... 

C  I.  3497- 
I.  5624. 
Sta. . . 
I-35o8. 
I-  5625. 
I.  2908. 
I.  3118. 
I-  3334- 

c.i.  3135. 

/C.  I.  3068. 
\C  I.  4131- 

c  I.  3554- 

C.I.  1593. 

C.  I 

C.  I.  6685. 

I....... 

I 


C.  I. 
C.  I. 


c. 
c. 
c. 


c. 

111. 

c. 

c. 

c. 

c. 

c. 


c. 
c. 
c. 
c. 

c.' 
c. 
c. 
c. 
c. 
c. 
c. 
Ill 
111 
111 
III 


I-  3605 

I-  5961 

I-  5961 

I.  2980 

I-  5544 

I  1561 

!-3527 

I- 3*34 

I-  5657 

I.  4140 

.  Sta.  No.  514.  .  .  . 
.  Sta.  No.  402 

.  Sta.  No 

.  Sta.  No.  10-110. 


111.  Sta   No.  12-41. 
111.  Sta.  No.  509... 

fill.  Sta 

\Wis.  Sta 

C.  I.  5580 

C.  I.  6152 

C.  I 

C.  I 

C.  I.  4846 

C.  I.  4878 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 
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A  few  of  the  varieties  which  showed  susceptibility  in  1920  did  not  show 
the  disease  in  192 1.  This  occurred  only  among  varieties  showing  low 
percentages  of  the  disease  in  1920.  It  is  possible  that  the  varieties  show- 
ing the  small  percentage  of  infection  were  mixtures,  while  in  those 
varieties  showing  high  variations  in  the  percentages  of  disease  and  non- 
susceptibility  a  genetic  relation  existed.  This  latter  conclusion  is  based 
upon  results  obtained  in  selections  studied  in  1920—21  by  the  writer. 

In  all  the  experiments  it  has  been  found  that  certain  plants  within  the 
Harvest  Queen  (Salzer's  Prizetaker)  variety  (susceptible)  always  survived 
or  escaped  the  rosette  disease  and  that  such  plants  showed  the  same 
general  agronomic  characters  as  the  varietal  type.  At  first  it  was  thought 
that  these  were  accidental  escapes,  but  upon  selecting  the  heads  from 
such  plants  and  sowing  the  seed  from  these  on  infested  land  (PL  8,  A,  a) 
100  per  cent  resistence  was  obtained  in  all  resulting  plants  and  the  head 
and  kernel  type  remained  true. 

Further  experiments  are  necessary  to  determine  the  resistance  and 
susceptibility  of  additional  varieties  and  to  complete  the  study  of  many 
of  the  varieties  and  selections  already  tested. 

It  is  evident  from  the  results  of  the  trials  that  the  Harvest  Queen 
(Salzer's  Prizetaker  and  white-chaffed  Red  Cross),  Illini  Chief,  Velvet 
Chaff,  Missouri  Blues tem,  Niagara,  and  Indiana  Swamp  varieties  are 
very  susceptible  to  the  disease  and  should  not  be  grown  in  any  of  the 
districts  where  the  rosette  disease  occurs. 

The  variety  grown  in  central  Illinois  under  the  name  Salzer's  Prize- 
taker  has  white  chaff  and  red  kernels,  and  it  is  this  variety  which  is  sus- 
ceptible. The  original  Salzer's  Prizetaker  was  a  variety  with  brown 
chaff  and  white  kernels.  This  latter  variety  is  identical  with  Gold  Coin 
and  Gold  Coin  (Junior  No.  6),  as  listed  in  Table  VIII,  which  have  been 
found  immune  from  the  disease. 

The  susceptible  variety  Harvest  Queen,  known  locally  as  Red  Cross  in 
central  Illinois,  also  has  white  chaff  and  red  kernels  and  is  identical  with 
the  susceptible  Salzer's  Prizetaker  variety.  True  Red  Cross  has  red  chaff 
and  is  a  distinct  variety  grown  to  some  extent  in  the  eastern  United 
States  under  the  name  of  Red  Cross.  This  variety  was  tested  in  192 1 
and  found  to  be  resistant  to  rosette  disease.  All  these  Salzer's  Prizetaker 
and  Red  Cross  varieties  are  beardless.  The  variety  known  as  Harvest 
Queen  is  supposed  to  be  the  same  as  the  susceptible  white-chaffed  "Red 
Cross"  variety.  Harvest  Queen  is  grown  in  the  Missouri  River  Valley 
in  eastern  Kansas. 

Certain  of  the  resistant  varieties  are  extensively  grown  in  the  infested 
area  in  Madison  County,  111.,  and  the  writer  has  made  rather  extensive 
observations  on  such  varieties  growing  under  farm  conditions.  Varieties 
which  have  been  observed  to  maintain  their  resistance  and  show  indica- 
tions of  immunity  are  Early  May,  Red  Wave,  and  Jones  Fife.  While 
all  of  these  are  good  yielding  varieties  in  central  Illinois,  it  is  doubtful  if 
they  come  quite  up  to  Harvest  Queen  (Salzer's  Prizetaker  and  white- 
chaffed  Red  Cress)  in  all  respects.  ~The  latter  variety  is  a  favorite  among 
farmers  who  do  not  have  the  rosette  disease  on  their  farms.  This  variety 
stands  the  winter  well,  is  very  well  adapted  to  the  less  fertile  soils,  yields 
well,  and  produces  grain  of  very  high  quality.  It  is  hoped  that  the  re- 
sistant selections  which  have  been  made  from  Harvest  Queen  (white- 
chaffed  Red  Cross  and  Salzer's  Prizetaker)  will  retain  all  of  the  good 
qualities  found  in  the  variety  and  that  the  resistance  to  the  rosette 
disease  will  be  found  to  be  stable. 
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The  outstanding  result  of  the  variety  tests  is  that  the  great  majority 
of  winter  wheat  varieties  are  resistant  to  or  immune  from  rosette.  While 
this  ratio  between  resistant  or  immune  and  susceptible  varieties  is 
unusual,  it  is  paralleled  in  the  cases  of  the  Lahaina,  Sereh,  and  Fiji 
diseases  of  sugar  cane. 

INFLUENCE  OF   SEEDING  DATE 

In  order  that  information  might  be  obtained  on  this  phase  of  the 
problem,  a  series  of  sowings  was  made  during  the  fall  of  19 19  on  land 
which  developed  uniform  rosette  infestation  during  the  previous  season. 
Two  susceptible  strains  of  Harvest  Queen  wheat  (Salzer's  Prizetaker  and 
white-chaffed  Red  Cross)  were  used  in  the  experiment.  Each  variety 
was  sown  on  five  different  dates,  except  that,  through  error,  Early  May 
wheat  was  sown  in  the  place  of  the  first  sowing  of  the  white-chaffed  Red 
Cross. 

Each  sowing  consisted  of  a  single  strip  54  inches  in  width  and  6  rods 
long.  All  seed  was  sown  with  an  8-spout  disk  drill.  Seed  was  treated 
with  formaldehyde  and  sown  at  the  rate  of  6  pecks  per  acre  on  Sep- 
tember 18  and  24,  October  4  and  16,  and  November  18.  The  results 
are  given  in  Table  IX. 

Table  IX. — Percentage  of  rosette  disease  developed  in  strains  of  Harvest  Queen  wheat 
(Salzer's  Prizetaker  and  white-chaffed  Red  Cross)  sown  in  plots  54  indies  by  6  rods,  on 
five  different  dates  in  IQIQ,  at  Granite  City,  III. 


Percentage  of  disease  in  plots  seeded  on  different  dates. 

Strain  of  Harvest  Queen  wheat. 

Sept.  18. 

Sept.  24. 

Oct.  4. 

Oct.  16. 

Nov.  24. 

Salzer's  Prizetaker 

White-chaffed  Red  Cross 

95 
No  sowing. 

90 
78 

90 

78 

79.0 
73-8 

4-5 

0.  28 

In  the  first  four  sowings  there  was  normal  fall  emergence,  but  from 
the  sowing  of  November  18  emergence  did  not  take  place  until  spring. 
In  the  first  sowings  there  was  a  little  Hessian-fly  injury  in  the  fall. 
In  the  October  16  sowing  considerable  winterkilling  took  place.  Both 
of  these  complications  made  it  necessary  to  calculate  the  amount  of 
Hessian-fly  and  frost  injury  in  other  neighboring  plots  not  affected  by 
the  rosette  disease  in  order  that  corrections  might  be  made  in  the 
rosette  disease  plots. 

Except  in  the  November  18  sowing,  a  high  percentage  of  disease 
developed  in  all  the  plots.  Reference  to  Table  X  will  give  the  exact 
percentage  of  the  disease  in  each  plot  after  corrections  have  been  made 
for  injury  by  Hessian  fly  and  frost.  It  is  quite  evident  that  the  date 
of  seeding  influences  the  development  of  the  rosette  disease,  but  this 
relation  seems  not  to  be  of  such  nature  as  to  permit  economic  application. 
It  is  remarkable  that  the  disease  should  be  so  slight  in  the  sowing  that 
did  not  emerge  until  spring  (PI.  8,  B). 

The  result  of  this  field  experiment  shows  very  conclusively,  on  the 
basis  of  the  November  18  sowing,  that  the  problem  is  largely  a  seasonal 
one,  and  it  bears  out  the  general  contention  that  the  disease  can  not 
be  produced  successfully  in  a  high  percentage  of  plants  under  ordinary 
greenhouse  conditions  or  in  the  field  out  of  the  regular  season  for  the 
winter  wheat  plant. 
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Plate  8,  B,  shows  the  November  18  sowing  as  it  appeared  on  May  21, 
1920.  While  very  little  tillering  took  place  on  the  plants  in  this  plot, 
a  very  good  quality  of  wheat  was  produced  at  the  rate  of  22  bushels 
per  acre,  with  a  bushel  weight  of  60.75  pounds.  From  the  agronomic 
standpoint,  this  is  remarkable  for  winter  wheat  sown  on  such  a  late 
date.  For  spring-sown  winter  wheat  no  such  result  is  obtained.  The 
resulting  plants  tiller  vigorously,  without  shooting  or  heading,  and  pro- 
duce no  crop.  The  physiological  basis  for  the  behavior  of  the  November 
18  sowing  affords  a  very  interesting  problem.  Doubtless  the  effect  of 
soil  temperatures  in  relation  to  the  stages  of  plant  development  is 
largely  responsible. 

The  date-of-seeding  experiment  was  repeated  in  the  fall  of  1920, 
using  Harvest  Queen  (white-chaffed  Red  Cross)  seed.  The  plots  were 
the  same  width  as  those  used  the  previous  year,  but  they  were  only  2 
rods  long.  Sowings  were  made  on  September  21,  October  4  and  11, 
and  November  4  and  19. 

Table  X.- — Influence  of  seeding  date  upon  the  percentage  of  rosette  disease  developed  in 
Harvest  Queen  {white-chaffed  Red  Cross)  wheat  sown  in  plots  54  inches  by  2  rods  on  five 
different  dates  in  IQ20 


Date  of  seeding 

Sept.  21. 

Oct.  4. 

Oct.  11. 

Nov.  4. 

Nov.  19. 

Percentage  of  disease 

93-6 

85.6 

96.  0 

36.6 

39-4 

In  connection  with  this  date-of-seeding  series  it  should  be  noted  that 
owing  to  the  mild  winter  the  last  two  sowings  made  in  November,  1920, 
emerged  between  Christmas  and  New  Year's  and  a  good  stand  resulted 
in  the  early  spring. 

The  results  from  this  series  are  shown  in  Table  X.  While  a  considerable 
percentage  of  rosette  disease  developed  in  the  two  latest  sowings,  it 
should  be  noted  that  the  symptoms  differed  considerably  from  those  mani- 
fested by  plants  in  the  early  sown  plots  where  normal  fall  emergence 
took  place.  The  disease  did  not  appear  until  fully  six  weeks  after  it  had 
developed  in  the  early  sown  plots.  At  this  time  the  plants  were  from  12 
to  16  inches  in  height.  The  first  indications  consisted  in  a  retarding  of 
certain  plants  followed  by  the  dark  blue-green  coloration  found  in  typical 
plants.  Only  slight  excessive  tillering  resulted,  and  but  few  diseased 
plants  developed  normal  heads.  These  same  modifications  in  symptoms 
take  place  under  conditions  of  reduced  temperature  in  the  greenhouse. 

Just  why  a  greater  percentage  of  disease  developed  in  the  last  two  sow- 
ings made  in  1920  than  in  the  last  sowing  made  the  year  previous  can  not 
be  explained  satisfactorily  at  this  time  unless  it  is  for  the  reason  that  a 
steadier  growth  followed  emergence  in  the  sowing  made  on  November  18, 
1919,  than  with  the  last  two  sowings  made  in  1920.  The  latter  sowings 
were  subjected  to  a  rather  limited  dormant  period  after  emergence,  thus 
simulating  more  nearly  the  conditions  surrounding  early  fall-sown  wheat. 

It  will  be  noted  from  Table  X  that  there  was  an  increase  in  the  per- 
centage of  disease  which  developed  in  the  sowing  of  October  11,  1920, 
compared  with  the  two  earlier  sowings,  thus  causing  a  decided  rise  in  the 
curve.  It  will  be  noted  also  from  Table  IX  that  there  was  a  constant 
decrease  in  the  percentage  of  disease  in  the  19 19  plots  from  successively 
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later  sowings.  No  exact  explanation  of  this  irregularity  in  the  disease 
curves  in  the  two  seasons  can  be  given,  but  it  is  noted  that  these  curves 
follow  closely  the  temperature  curves  for  the  germination  periods  for  the 
several  sowings.     This  relationship  is  very  suggestive  of  a  parasitic  cause. 

SUMMARY 

This  paper  deals  with  the  rosette  disease  of  winter  wheat,  which  was 
first  reported  in  1919  from  Madison  County,  111.,  and  a  little  later  from 
Indiana  under  the  name  of  take-all  and  later  so-called  take-all. 

Investigations  show  that  this  disease  is  not  the  same  as  the  take-all 
and  footrot  type  of  diseases  which  have  occurred  for  many  years  in 
Australasia  and  Europe  and  have  now  been  found  in  the  United  States. 

The  rosette  disease  has  recurred  in  the  field  each  year  since  it  was 
reported,  but  the  typical  plant  symptoms  have  not  been  reproduced 
satisfactorily  under  ordinary  greenhouse  conditions  or  in  the  field  out  of 
the  regular  season  for  winter  wheat,  thus  reducing  the  problem  to  a 
seasonal  one  until  such  time  as  special  methods  have  been  perfected. 

The  origin  of  the  rosette  disease  of  wheat  is  unknown.  It  is  believed 
that  the  disease  has  been  present  in  certain  of  the  infested  areas  for  a 
considerable  length  of  time. 

So  far  as  known  this  malady  occurs  only  in  the  States  of  Illinois  and 
Indiana. 

t*  Under  conditions  favorable  for  the  disease  it  may  be  very  destructive, 
causing  a  reduction  of  75  per  cent  or  more  in  yield  in  experimental  plots. 
Under  conditions  favorable  for  the  host,  remarkable  recovery  from  the 
disease  may  result  and  losses  may  be  very  slight.  Forty  per  cent  reduc- 
tion in  yield  is  not  uncommon  under  farm  conditions. 

So  far  as  definitely  known  the  disease  occurs  only  in  certain  varieties 
of  winter  wheat.  Certain  symptoms  resembling  the  rosette  disease  have 
been  observed  in  certain  varieties  of  spring  wheat  and  to  a  slight  extent 
in  barley  and  rye.  No  other  grains  or  crops  under  experiment  have  de- 
veloped symptoms  resembling  the  disease. 

The  disease  may  cause  a  spotting  in  affected  fields  or  it  may  be  dis- 
tributed rather  generally  over  the  fields.  These  spots  or  patches  of  dis- 
eased plants  occur  independent  of  any  particular  soil  type  or  topographic 
condition  in  the  field. 

The  most  constant  or  characteristic  plant  symptoms  consist  of:  (1) 
an  arrested  spring  development,  (2)  an  excessive  tillering  which  results  in 
a  rosette  appearance,  and  (3)  a  dark  blue-green  color  of  the  foliage  in  com- 
bination with  1  and  2. 

The  take-all  and  footrot  type  of  diseases  cause  field  spotting,  which  is 
similar  to  the  spotting  caused  by  the  rosette  disease,  except  that  the  for- 
mer diseases  seem  to  appear  a  little  later  in  the  spring. 

In  the  take-all  and  footrot  type  of  diseases  no  excessive  tillering  has 
been  noted,  and  diseased  plants  turn  yellow  shortly  after  the  spring 
growth  begins.  Such  plants  gradually  bleach  and  dry  up,  usually  stand- 
ing erect  and  assuming  a  stiff,  wiry  posture.  Sometimes  older  plants 
break  over  at  the  base.  On  the  other  hand,  plants  affected  by  the  rosette 
disease,  when  killed  early,  form  a  flat  or  drooping  tuft  of  brown  dead 
leaves  which  do  not  pass  through  a  yellow  stage. 

A  black  "mycelial  plate"  is  rather  characteristic  of  the  take-all  and 
footrot  type  of  malady,  but  this  has  never  been  found  associated  with  the 
rosette  disease. 
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Premature  ripening  or  the  development  of  "white  heads"  is  commonly 
found  in  take-all  and  footrot,  but  in  the  rosette  disease,  delayed  ripening 
occurs  in  those  plants  which  partially  recover  from  the  disease. 

The  take-all  and  footrot  type  of  trouble  occurs  in  varieties  of  wheat 
known  to  resist  the  rosette  disease. 

None  of  the  fungi  commonly  associated  with  take-all  and  similar  foot- 
rots  have  been  found  associated  with  the  rosette  disease. 

The  rosette  disease  is  diagnosed  with  greatest  certainty  in  the  spring 
before  healthy  plants  reach  the  boot  stage. 

The  rosette  disease  behaves  in  many  ways  similar  to  the  Fiji,  Sereh, 
and  mosaic  diseases  of  sugar  cane  and  the  mosaic  disease  of  corn. 

The  cause  of  the  disease  is  unknown. 

Soil  disinfection  experiments  made  in  the  field  show  that  a  solution 
of  40  per  cent  formaldehyde  and  water  (1  to  49)  applied  to  infested  soil 
will  control  the  disease.  The  disease  developed  in  nondisinfected  plots 
of  the  same  soil  located  directly  adjacent  to  the  disinfected  soil.  The 
same  seed,  Harvest  Queen  (white-chaffed  Red  Cross),  was  used  in  both 
cases. 

A  similar  experiment  conducted  using  steam-sterilized  soil  gave  the 
same  results. 

The  foregoing  experiment  together  with  winter  temperature  records 
proves  that  winter  injury  and  temperature  are  not  the  prime  causes  for 
the  rosette  disease.  This  evidence,  together  with  that  obtained  from 
fertilizer  and  fallowing  experiments,  indicates  that  nonparasitic  soil 
factors  probably  are  not  the  cause  of  the  disease. 

The  results  from  soil  disinfection  point  most  forcibly  to  an  organism 
or  perhaps  a  virus  as  being  the  causal  factor  of  the  disease. 

There  is  no  indication  that  insects  are  the  cause  of  the  trouble.  This 
view  is  maintained  by  a  number  of  prominent  entomologists. 

Certain  unusual  intracellular  bodies  have  been  found  associated  with 
wheat  plants  showing  the  very  early  stages  of  rosette. 

A  number  of  fungi  have  been  found  associated  with  diseased  plants 
during  certain  stages,  but  none  has  been  found  consistently  associated 
with  the  trouble  when  it  makes  its  first  appearance  in  the  spring. 

It  has  been  proved  that  the  disease  is  soil-borne.  While  experiments 
have  not  shown  that  the  disease  is  seed-borne,  certain  field  observations 
indicate  that  it  possibly  may  be. 

The  causal  agent  of  the  disease  is  known  to  persist  in  summer-fallowed 
soil  for  at  least  two  years  without  apparent  loss  of  its  disease-producing 
powers. 

The  disease  is  controlled  through  the  use  of  resistant  varieties. 

Only  6  per  cent  of  the  150  varieties  and  selections  used  in  experi- 
ments have  shown  definite  susceptibility. 

Extremely  late  fall  seeding  with  spring  emergence  of  seedlings  practi- 
cally controls  the  disease,  but  this  method  of  control  is  not  practicable. 
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PLATE  i 

Healthy  and  diseased  Harvest  Queen  wheat  plants  of  same  age. 

A. — Healthy  plant  showing  good  development  and  normal  green  color. 

B. — Plant  showing  early  symptoms  of  rosette  disease,  namely,  marked  dwarfing, 
excessive  tillering,  blue-green  color,  and  some  leaf  mottling  before  Helmintho- 
sporium  invasion  has  started. 

C. — Plant  attacked  by  rosette  disease,  showing  symptoms  after  Helminthosporium 
rot  has  developed.  General  symptoms  similar  to  those  in  B,  but  with  marked 
rotting  and  discoloration  of  basal  portion. 
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PLATE  a 

Spot  in  Field  of  Harvest  Queen  (Salzer's  Prizetaker)  Wheat  Caused  by  the  Rosette 
disease.  Diseased  plants  (a)  are  greatly  dwarfed  in  contrast  with  surrounding  healthy 
ones. 

27135—23 3 


PLATE  3 

Single  wheat  plant  (A,a)  attacked  by  the  rosette  disease  among  surrounding  healthy 
ones,  and  bird's-eye  view  at  harvest  time  of  remains  of  wheat  plants  (B,a)  killed  by 
the  rosette  disease  early  in  the  season,  with  stubble  of  healthy  plant  at  left. 
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PLATE  4 

Heads  and  plants  of  Harvest  Queen  (Salzer's  Prizetaker),  diseased  and  healthy. 

A. — Six  poorly  developed  heads  (left)  from  plants  partially  recovered  from  the 
rosette  disease,  and  one  typical  healthy  head  at  (right). 

B. — Six  plants  (left),  all  of  same  age,  showing  various  degrees  of  recovery  from  the 
rosette  disease.     Healthy  plant  at  right. 


PLATE  5 

A. — General  view  showing  boxed-in  soil  plots  in  foreground  and  at  right  and 
galvanized-iron  pail  series  in  background  at  left. 

B. — At  left,  two  pails  containing  healthy  plants  of  Harvest  Queen  (Red  Cross) 
wheat  grown  in  infested  soil  that  had  been  disinfected  with  formaldehyde  previous 
to  sowing  the  seed.  At  right,  two  pails  containing  plants  of  Harvest  Queen  wheat 
of  same  age  grown  in  infested  soil  undisinfected.  Healthy  seed  used  throughout. 
Typical  rosette  disease  developed  only  in  the  undisinfected  soil. 
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PLATE  6 

Plants  of  Harvest  Queen  (Red  Cross)  wheat  from  disinfected  (left)  and  undishi- 
fected  (right)  pails  of  soil. 

A. — Healthy  plants  from  one  pail  of  disinfected  infested  soil  shown  in  Plate  5,  B 
at  left. 

B. — Diseased  plants  from  one  pail  of  undisinfected  infested  soil  shown  in  Plate  5, 
B,  at  right,  showing  severe  attack  of  rosette  disease. 


PLATE  7 

Plants  of  Harvest  Queen  (Red  Cross)  wheat  grown  In  plots  of  inoculated  (A)  and 
uninoculated  (B)  disinfected  soil. 

A. — Thin  stand  caused  by  severe  attack  of  rosette  disease.  The  soil  in  this  plot 
had  been  disinfected  in  the  same  way  as  that  in  B,  but  was  inoculated  with  a  small 
amount  of  infested  soil  when  seed  was  sown. 

B. — Good  stand  of  wheat.  The  soil  in  this  plot  had  been  disinfected  with  for- 
malhyde  previous  to  seeding  and  was  not  inoculated .  Both  A  and  B  were  sown  at 
same  rate  and  at  same  time  with  clean  seed. 
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PLATE  8 

The  control  of  the  rosette  disease  by  the  use  of  resistant  varieties  and  by  very  late 
fall  planting. 

A. — a,  Healthy  wheat  plants  grown  from  specially  selected  seed  from  resistant 
plants  of  Harvest  Queen  (Salzer's  Prizetaker)  grown  on  infested  land;  b,  diseased 
wheat  of  same  age  and  of  same  variety  grown  from  unselected  seed.  Plot  b  showed 
90  to  95  per  cent  of  rosette  disease. 

B. — a,  Good  stand  obtained  on  uniformly  infested  soil  by  very  late  fall  sowing. 
This  plot  was  sown  November  18,  1919,  and  plants  did  not  emerge  until  the  following 
spring;  b,  thin  stand  of  dwarfed  wheat,  heavily  infected  with  the  rosette  disease. 
This  plot  was  sown  October  16,  1919,  and  the  plants  emerged  in  the  fall.  The  thin 
stand  is  due  in  part  to  winter  injury,  but  the  dwarfing  is  caused  by  the  rosette 
disease. 


ACCUMULATION  OF  ALUMINUM  AND  IRON  COMPOUNDS 
IN  CORN  PLANTS  AND  ITS  PROBABLE  RELATION  TO 
ROOTROTS  J 

By  G.  N.  HoFFER,  Pathologist  and  Agent,  Office  of  Cereal  Investigations,  Bureau  of 
Plant  Industry,  United  States  Department  of  Agriculture,  and  Associate  Botaniste 
Purdue  University  Agricultural  Experiment  Station,  and  R.  H.  Carr,  Agent,  Offic, 
of  Cereal  Investigations,  Bureau  of  Plant  Industry,  and  Associate  in  Nutrition,  Purdue 
University  Agricultural  Experiment  Station 

INTRODUCTION 

The  rots  of  the  roots  and  stalk  parts  of  the  corn  plant  present  a  very 
complex  problem,  the  entities  of  which  are  difficult  to  isolate  for  study 
and  interpretation.  Certain  fungi  and  bacteria,  which  are  more  or  less 
common  in  all  fields  in  which  corn  is  grown  commercially,  are  almost 
always  present  in  these  rotted  tissues.  At  times  the  rot  diseases  may 
be  very  severe,  but  the  damage  caused  by  them  seems  to  be  influenced 
by  certain  soil  conditions  which  are  associated  with  deficiencies  of  the 
essential  nutrients  or  with  unbalanced  combinations  of  available  salts 
for  absorption  by  the  plants.  Frequently  the  extent  of  damage  may 
vary  markedly  in  certain  parts  of  fields  or  in  different  fields  wherein  the 
same  seed  stock  had  been  planted. 

One  of  the  most  common  characteristics  of  root  rotted  plants  and  of 
plants  growing  in  certain  areas  in  some  fields  is  the  brown  to  brownish 
purple  discoloration  of  the  vascular  plate  tissues  of  the  nodes,  as  shown 
in  Plates  2  and  5.  This  nodal  discoloration  has  been  observed  in  plants 
in  all  stages  of  development.  It  has  been  found  in  plants  growing  in 
all  parts  of  the  Corn  Belt. 

The  most  common  difference  between  plants  which  show  indications 
of  being  diseased  and  those  which  are  of  normal  growth  and  bear  normally 
matured  ears  is  this  almost  universal  brownish  purple  discolored  con- 
dition of  the  nodal  tissues.  Attempts  to  isolate  organisms  from  these 
tissues  frequently  prove  futile,  although  in  a  large  majority  of  cases  the 
common  Fusarium  moniliforme  Shel.,  Gibberella  saubinetii  (Mont.)  Sacc, 
a  white  bacterium,  Penicillium  sp.,  Rhizopus  sp.,  and  others  are  found 
to  be  present,  especially  if  the  nodal  tissues  in  the  lower  parts  of  the  stalk 
are  cultured. 

This  nodal  discoloration  has  been  found  in  young  plants  which  show 
no  rot  lesions  whatever  on  the  roots  and  from  which  no  organisms  could 
be  isolated.  Later  in  the  season,  however,  abundant  rootrots  have 
developed  in  the  plants,  especially  in  "spots"  in  the  fields  where  the 
majority  of  the  plants  showed  these  nodal  discolorations,  and  much 
damage  resulted.  Field  observations  and  experiments  show  that  the 
largest  numbers  of  seedling  injuries  also  occur  in  the  soils  where  these 

'  Accepted  for  publication  July  23,  193 1.  The  results  reported  in  this  paper  have  been  obtained  in  inves- 
tigations conducted  jointly  by  the  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United  States 
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nodal  troubles  are  most  abundant.  The  types  of  soil  which  are  high  in 
organic  matter  and  low  in  calcium  and  phosphorus  seem  to  be  the  best 
environment  for  the  development  of  seedling-blight.  Because  of  these 
relations  an  attempt  was  made  to  ascertain  the  cause  of  the  brownish 
purple  discolorations  of  the  vascular  plate.  Microchemical  tests  made 
upon  these  discolored  tissues  proved  the  presence  of  organic  compounds 
of  iron  and  aluminum  in  them. 

The  purpose  of  this  paper  is  to  discuss  the  methods  used  to  detect 
these  metallic  accumulations  and  the  methods  used  to  determine  the 
cause  of  the  nodal  discolorations  and  subsequent  disintegrations  and 
their  probable  importance  in  relation  to  the  development  of  the  rootrots, 
stalkrots,  and  earrots  of  corn. 

OCCURRENCE  OF  IRON  AND  ALUMINUM  IN  PLANTS 

Iron  compounds  are  essential  to  the  normal  development  of  all  green 
plants.  Their  importance  has  been  demonstrated  by  numerous  experi- 
ments, the  history  of  which  needs  no  reference  here.  Chlorosis,  which 
has  been  directly  referable  to  conditions  which  develop  in  the  plant 
and  which  is  associated  with  deficient  quantities  of  available  iron  salts, 
is  well  known  and  its  causes  are  more  or  less  understood. 

Less  is  known  regarding  the  occurrence  of  aluminum  in  plants,  although 
considerable  work  has  been  done  in  the  study  of  its  role  in  the  soil  as  a 
factor  affecting  the  growth  of  plants,  both  as  a  stimulant  and  as  a  toxic 
agent. 

Maze  (17) 2  believes  that  the  presence  of  aluminum  in  the  soil  is  neces- 
sary for  the  normal  development  of  maize.  He  also  includes  iodin, 
fluorin,  and  boron  as  being  necessary.  True,  Black,  and  Kelley  (25) 
report  a  higher  aluminum  content  of  the  tops  of  spinach  when  the  plants 
are  diseased  than  when  they  are  healthy.  Kratzmann  (14)  reports  the 
ash  content  of  the  leaves  of  maize  to  contain  2 .  35  per  cent  of  aluminum. 
A  study  of  130  different  plants  showed  that  aluminum  is  widely  dis- 
tributed, and  the  unusually  large  quantities  present  in  some  plants 
suggested  that  certain  species  may  be  "aluminophilous."  According 
to  Kratzmann,  different  plants  possess  a  specific  elective  power  toward 
aluminum.  Two  plants  of  different  species  may  accumulate  widely 
different  quantities  of  aluminum  even  though  grown  close  together. 

This  same  phenomenon  of  varying  capacities  for  the  absorption  of 
aluminum  by  different  plants  seems  to  apply  equally  well  to  different 
individuals  within  a  definite  variety  of  corn,  or  even  to  individual  plants 
grown  from  different  kernels  from  the  same  seed  ear.  These  differences 
may  be  interpreted  as  being  due  to  the  heterozygosity  of  the  strain  of 
corn.  Qualitative  tests  for  iron  and  aluminum  applied  to  many  plants 
studied  in  the  rootrot  investigations  show  very  variable  amounts  of 
iron  and  aluminum  in  different  stalks.  From  these  observations  it  is 
evident  that  Kratzmann 's  designation  of  specific  elective  powers  of 
plants  for  aluminum  applies  to  corn  for  both  aluminum  and  iron.  The 
conditions  which  develop  in  the  corn  plant  when  large  quantities  of 
iron  and  aluminum  salts  enter  the  plant  and  concentrate  in  certain  tissues 
have  not  been  studied  so  far  as  can  be  learned. 

*  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  pp.  822-823. 
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SELECTIVE    ABSORPTION     IN     RELATION     TO     RESISTANCE     TO 

ROOTROTS 

It  is  believed  that  resistance  of  the  corn  plants  to  rootrots  may  be 
closely  related  to  what  appears  to  be  a  selective  absorptive  capacity  of 
plants  toward  aluminum  and  iron  when  these  metals  are  available  in 
subtoxic  concentrations.  Selective  absorption  may  be  a  very  important 
heritable  character  in  corn.  If  so,  the  phenomenon  of  susceptibility 
to  rootrots  which  is  associated  with  the  accumulation  of  abundant 
quantities  of  iron  and  aluminum  in  different  parts  of  corn  plants  may 
have  as  one  of  its  causes  a  definite  type  of  selective  absorption  for  alumi- 
num and  iron  salts.  Therefore,  the  accumulations  will  occur  in  the 
plants  under  conditions  in  the  soil  when  the  quantities  of  these  available 
salts  are  in  subtoxic  proportions.  Such  conditions  usually  are  found 
in  most  acid  soils. 

It  is  true  also  that  the  quantity  of  available  aluminum  compounds 
in  some  soils  may  be  sufficient  to  more  than  overcome  the  natural  resis- 
tance possessed  by  strains  which  ordinarily  show  good  growth  in  soils 
with  lower  concentrations  of  available  iron  and  aluminum  salts.  In 
this  case,  irrespective  of  strain  differences,  the  plants  may  be  severely 
affected  and  a  distinct  toxic  effect  of  the  aluminum  be  noted  in  all  of 
them.  Plate  4  shows  two  fields  where  many  of  the  plants  were  severely 
stunted.  All  of  these  plants  had  the  typical  nodal  discolorations  and 
disintegrations  of  the  basal  tissues  shown  in  Plate  2,  B. 

A  field  of  Sto well's  Evergreen  Sweetcorn  was  seen  at  Decatur,  111., 
in  August,  1920,  in  which  all  the  plants  were  stunted  in  that  part  of  the 
field  which  had  been  in  clover  sod  the  preceding  season.  In  the  part 
of  the  field  which  had  been  in  corn  the  plants  showed  good  growth. 
The  plants  which  were  stunted  showed  concentrations  of  the  metals 
in  the  nodal  tissues,  but  no  root  lesions  were  noticed  at  that  time.  Later 
in  the  season  many  of  these  plants  became  severely  rotted.  The  plants 
which  had  made  better  growth  on  the  corn  land  were  notably  less  seriously 
attacked.  The  soil  was  the  typical  Illinois  black  loam  and  gave  an 
acidity  reaction  of  PH5-6  for  the  clover-sod  land  and  PH6.2  for  the 
corn  land. 

The  nodal-tissue  injuries  shown  in  Plate  2,  B,  and  Plate  5  are  not  the 
only  effects  resulting  from  the  accumulation  of  these  metals  in  the  corn- 
stalks. Analyses  of  the  various  plant  parts  show  that  the  metals  are  dis- 
tributed throughout  the  plant.  The  very  obvious  effects  of  the  metals 
upon  the  nodal  tissues  gives  them  a  seemingly  greater  importance  in  these 
tissues,  but  the  unbalanced  absorption  of  essential  nutrients  which  takes 
place  when  these  discolorations  of  the  tissues  are  produced  also  accounts 
for  a  disturbance  in  the  normal  functioning  of  other  active  tissues. 

Analyses  of  the  leaves  from  diseased  and  healthy  stalks  show  wide 
variations  in  the  quantities  of  aluminum  in  them.  The  average  aluminum 
(A1203)  content  of  the  ash  of  the  leaves  of  four  selected  normal  stalks  from 
a  field  near  Battleground,  Ind.,  in  1920,  was  0.44  per  cent,  while  the  alu- 
minum content  of  the  ash  of  the  diseased  plant  leaves  was  0.98  percent,  ovei 
twice  as  much.  The  calcium  (CaO)  content  was  0.70  per  cent  in  the 
normal  leaves  and  0.56  per  cent  in  the  leaves  from  diseased  stalks. 

The  percentage  of  aluminum  in  the  ash  of  the  leaves  from  two  root- 
rotted  stalks  from  Bloomington,  111.,  in  1918,  was  1. 16  per  cent,  while  that 
of  the  leaves  from  stalks  which  remained  healthy,  and  which  were  grown 
from  the  same  seed  ear,  was  0.67  per  cent.     These  cases  which  have  just 
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been  cited  suggest  that  the  influence  of  the  aluminum  salts  may  be  harm- 
ful in  the  leaves  and  that,  while  the  stalks  which  are  diseased  seem  to  have 
large  quantities  accumulated  in  the  nodal  tissues,  these  accumulations 
may  indicate  only  the  relative  quantities  which  have  been  carried  on  to 
the  leaf  tissues  to  concentrate  there  and  become  toxic  when  in  sufficient 
quantity.  The  problem  of  chlorophyll  disturbances  is  a  most  complicated 
one,  and  the  influence  of  these  metals  as  catalysts  upon  the  production  of 
chlorophyll  and  as  harmful  agents  upon  the  functioning  of  the  chlor- 
ophyll tissues  is  little  understood.  The  metals  affect  the  chlorophyll 
tissues  differently  according  to  the  amounts  of  alkaline  bases  present  in 

AVAILABLE  ALUMINUM  SALTS  IN  SOILS 

Much  has  been  written  of  late  relative  to  available  aluminum  and  iron 
salts  in  the  soil  and  their  relation  to  soil  acidity.  Extracts  from  some 
acid  soils  have  yielded  quantities  of  aluminum  salts  in  toxic  concentra- 
tions. One  of  the  explanations  of  the  phenomenon  of  acidity  in  the  soil 
is  that  it  arises  from  the  hydrolysis  of  salts  of  iron  and  aluminum. 

In  19 13,  Abbott,  Conner  and  Smalley  (/)  reported  the  results  of  their 
investigations  upon  an  unproductive  acid  soil  in  northern  Indiana.  They 
found  aluminum  nitrate  present  in  the  soil  extracts  and  attributed  the 
acidity  of  the  soil  to  the  hydrolysis  of  the  aluminum  nitrate.  Daikuhara 
(<?)  believes  that  salts  of  iron  and  aluminum  are  absorbed  by  the  humic 
acids  and  other  colloids  of  the  soil  and  are  set  free  again  on  treatment 
with  neutral  salt  solutions.  He  infers  that  such  compounds  must  exer- 
cise considerable  influence  not  only  on  the  acidity  of  purely  mineral  soils 
but  also  on  that  of  soils  containing  humus.  The  injury  to  vegetation 
is  thought  to  occur  when  the  compounds  of  iron  and  aluminum  absorbed 
by  the  soil  colloids  are  liberated  as  soluble  acicl  salts  of  iron  and 
aluminum  upon  the  application  of  mineral  fertilizers. 

In  191 6,  Conner  (5)  stated  that  much  of  the  harmful  acidity  of  acid 
soils  is  due  to  the  presence  of  toxic  acid  salts  of  aluminum  and  iron  and 
that  the  reduction  of  soil  acidity  by  acid  phosphate  probably  is  due  prin- 
cipally to  a  combination  of  the  soluble  phosphoric  acid  with  the  acid 
salts  of  aluminum  and  the  consequent  formation  of  insoluble  nonacid 
compounds. 

Spurway  (22)  attributes  the  acidity  of  certain  glacial  soils  to  the  "hy- 
droly tic-ratio  "  between  the  salts  of  the  alkaline  earth  metals  on  the  one 
hand  and  those  of  iron  and  aluminum  on  the  other. 

Hartwell  and  Pember  (10)  in  1918  have  shown  that  the  toxic  effect  of 
certain  acid  soils  is  due  not  to  the  true  acids  but  to  aluminum  salts  present 
in  extracts  from  these  acids  soils.  They  checked  the  effects  of  aluminum 
salts  added  to  nutrient  solution  with  acid  soil  extracts  and  found  the  free 
acids  were  relatively  harmless  and  that  the  toxicity  was  due  to  the  active 
aluminum.  This  work  was  valuable  because  it  made  the  plant  test  the 
final  one  for  the  effects  of  soil  acidity. 

Mirasol  (18)  has  studied  aluminum  as  a  factor  in  soil  acidity.  He 
has  given  a  very  extensive  bibliography  of  this  subject  and  conducted 
experiments  which  showed  the  beneficial  effects  of  applications  of  lime 
and  acid  phosphate  in  reducing  toxicity  due  to  aluminum  compounds. 
These  aluminum  salts  are  claimed  to  be  derived  from  the  acid-soluble 
aluminum  hydroxid,  or  gibbsite.  In  soils  sufficiently  provided  with 
calcium,  toxic  aluminum  salts  may  never  be  formed,  but  in  soils  defi- 
cient in  calcium  and  other  bases,  such  as  acid  soils,  toxic  aluminum  salts 
are  largely   the  end    products    of    sulfofication    and    nitrification.     Of 
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interest  also  is  the  fact  developed  by  Conner  (6)  that  the  quantities  of 
soluble  iron  in  soils  are  greater  when  the  soils  are  saturated. 

Spurway  (23)  presents  data  relative  to  the  influence  of  various  salts 
on  the  release  of  soluble  aluminum  compounds  in  four  soils  which  he 
studied.  The  general  tendency  of  all  of  the  treatments  of  these  soils 
was  to  increase  the  quantities  of  soluble  aluminum,  the  greatest  effect 
being  produced  by  calcium  carbonate  and  acid  phosphate.  He  reports 
also  that  hydrated  lime  increased  the  amount  of  aluminum  in  the  first 
leaching,  but  a  marked  decrease  occurred  in  the  second  leaching,  15 
days  after  the  treatment. 

It  is  evident  that  the  importance  of  available  aluminum  salts  in  the 
soil  is  beginning  to  be  appreciated.  Aluminum  is  found  in  practically 
all  the  soils  in  the  Corn  Belt,  and  it  is  certain,  therefore,  to  become  an 
increasingly  important  factor  in  soil  management  when  a  system  is 
practiced  which  does  not  conserve  the  calcium  and  phosphorus  salts. 

DISTRIBUTION  OF  IRON  AND  ALUMINUM  IN  NORMAL  AND  DISEASED 

PLANTS 

The  tissues  in  which  the  metals,  iron  and  aluminum,  accumulate  are 
the  vascular  plate  tissues  in  the  nodes  of  the  stalk  and  shanks  and  the 
scutellum  of  the  kernels,  as  shown  in  Plate  5.  The  metals  also  concen- 
trate in  the  leaf  tissues,  as  has  been  determined  repeatedly  by  quanti- 
tative analyses.  As  a  rule,  the  oldest  leaves  contain  the  largest  quan- 
tities of  these  metals.  Gile  and  Carrero  (9)  have  shown  that  iron  is 
immobile  in  the  oldest  rice  leaves  and  in  this  respect  is  similar  to  silicon 
and  magnesium. 

The  locations  of  the  tissues  in  the  stalk  in  which  iron  and  aluminum 
accumulate  are  those  referred  to  as  "zone  B"  in  Plate  3,  A.  These 
tissues  appear  white  in  normal  stalks,  with  traces  of  yellow  and  some- 
times green.  When  the  metals  concentrate  in  them  they  show  various 
gradations  of  color  and  of  disintegration.  Plates  2,  B;  5,  A  and  B; 
and  6  show  different  kinds  of  injuries  observed  in  plants  in  the  field. 

The  extreme  toxicity  of  copper  sulphate  is  seen  in  Plate  3,  B,  where 
the  tissues  in  both  zone  A  and  zone  B  have  been  seriously  affected. 
This  is  the  only  metallic  salt  studied  so  far  which  affects  both  zone  A  and 
zone  B  tissues.  The  tissues  of  the  basal  nodes,  shown  in  Plate  7,  B,  are 
the  tissues  in  which  the  accumulations  occur  first.  They  are  the  oldest 
functioning  nodal  tissues,  and  their  length  of  service,  as  indicated  by  a 
continued  healthy  appearance  of  the  roots  which  have  their  origin  in 
these  tissues,  seems  to  be  related  to  the  relative  quantities  of  iron  and 
aluminum  which  accumulate  in  them.  Part  of  the  basal  tissues  in  the 
stalk  shown  in  Plate  8,  B,  are  not  functioning,  as  shown  by  the  dry 
appearance  of  the  lowest  and  oldest  roots.  The  plant  was  able,  how- 
ever, to  produce  additional  roots  and  thereby  continue  vegetative  growth. 

In  Plate  7,  A  and  B,  is  shown  the  base  of  a  stalk  which  manifested 
disease  symptoms  and  which  was  barren.  The  basal  tissues  contained 
abundant  accumulations  of  iron  and  aluminum  compounds.  Instead 
of  the  metals  being  distributed  more  or  less  uniformly  throughout  the 
stalk,  as  in  the  normal  plant  shown  in  Plate  9,  the  largest  quantities 
were  present  in  the  lower  nodal  plates  and  these  were  brownish  purple 
discolored,  and  disintegrated,  as  shown  in  Plate  7,  C. 
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These  two  plants  illustrate  some  of  the  differences  commonly  noted 
between  plants  which  are  resistant  to  the  development  of  rots  in  the 
roots  and  stalks  and  those  which  become  severely  rotted.  When  the 
plants  are  vigorous  and  apparently  healthy  the  quantities  of  the  metals 
in  the  nodal  tissues  are  nearly  equal  throughout  the  stalk  and  are  not 
in  sufficient  quantity  or  in  the  state  of  combination  with  the  plant 
tissues  which  causes  the  brownish  purple  discolorations. 

Furthermore,  the  accumulation  of  the  metals  in  the  basal  nodal 
tissues  of  stalks  showing  symptoms  of  disease  does  not  necessarily  mean 
a  larger  quantity  of  metals  in  the  stalk  as  a  whole.  It  indicates  pri- 
marily an  unequal  distribution  of  the  metals,  which  can  be  observed 
readily  by  using  the  microchemical  tests,  compared  with  the  uniform 
distribution  which  is  characteristic  of  normal  plants. 

The  nodal  plate  from  which  the  ear  shoot  originates  frequently  has 
the  largest  accumulation  of  all  the  nodes  in  the  stalk.  When  this  con- 
dition develops  early  in  the  life  of  the  stalk  the  ears  may  form  imper- 
fectly. The  nodal  tissues  may  become  disorganized  and  consequently 
weakened  (PL  10,  B),  so  that  the  shanks  may  break  over  before  the 
ears  are  completely  matured,  as  is  shown  in  Plates  6  and  16,  B.  When 
this  happens  the  shank  scars  will  show  the  typical  pinkish  to  brownish 
purple  discolorations,  the  color  varying  in  intensity  according  to  the 
time  when  the  discolorations  begin  to  develop  in  relation  to  the  degree 
of  maturity  of  the  ear. 

This  condition  of  the  stalk  is  believed  to  be  a  very  important  factor 
affecting  the  rate  of  maturation  of  the  ears.  When  the  nodal  tissues 
are  affected,  as  shown  in  Plate  10,  B,  the  ears  are  delayed  in  their 
maturity  and  tend  to  remain  starchy.  It  has  been  found  that  the  dis- 
tribution of  phosphorus  also  is  affected  in  stalks  with  these  accumula- 
tions of  the  metals.  The  phosphorus  content  of  the  nodal  tissues  is 
higher  when  the  iron  and  aluminum  compounds  become  concentrated 
in  these  tissues.  The  disorganization  of  the  nodal  plate  tissues  inter- 
feres with  the  movement  of  sufficient  quantities  of  phosphorus  and 
probably  other  materials  to  the  developing  ears  and  in  this  way  may  cause 
the  ears  on  affected  plants  to  remain  starchy.  The  results  of  the  inves- 
tigations upon  this  interpretation  of  one  of  the  causes  of  starchiness  in 
corn  will  be  published  in  a  subsequent  paper.  It  is  already  a  well-known 
fact,  however,  that  adequate  phosphates  hasten  the  maturity  of  the  ears. 

The  mobility  of  the  iron  and  aluminum  compounds  seems  to  be  asso- 
ciated with  a  high  sap  acidity,  according  to  preliminary  tests  upon 
normal  and  diseased  stalks.  The  sap  is  distinctly  more  acid  in  the 
normal  stalks  than  in  those  in  which  the  nodal  accumulations  of  the 
metallic  compounds  have  taken  place.  Whether  or  not  the  decreased 
acidity  is  the  result  of  a  greater  metal  content  of  the  stalks  has  not 
been  learned. 

EFFECTS   OF   SOIL  TREATMENTS   UPON   THE    DESTRUCTIVENESS   OF 

THE  ROOTROTS 

In  Plates  4,  12,  A,  and  13  the  variations  in  the  effects  of  the  available 
metal  salts  are  seen.  The  tall,  vigorous  plants  in  Plate  12,  A,  are  the 
more  resistant  to  the  rootrots,  while  the  smaller,  stunted  plants  are  sus- 
ceptible and  the  roots  are  actually  being  rotted.  It  is  presumed  that 
these  stunted  plants  have  grown  from  infected  seed,  yet  when  infected 
kernels  from  the  same  ears  are  planted  in  different  types  of  soil  the 
percentage  of  damage  due  to  the  rootrot  is  greater  in  those  soils  which 
have  the  larger  amounts  of  available  aluminum. 
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Marked  increases  in  yield  of  corn  plants  have  been  obtained  by  various 
soil  treatments.  The  investigations  of  Abbott,  Conner,  and  Smalley  (1), 
Ruprecht  (19),  Hartwell  and  Pember  (jo),  and  Mirasol  {18)  upon  dif- 
ferent crops  show  that  the  addition  of  lime  and  phosphorus  to  the  soil 
and  to  culture  solutions  has  a  beneficial  action  upon  available  toxic 
aluminum  salts. 

Soil  of  the  same  type,  as  in  the  field  shown  in  Plate  4,  B,  was  used 
in  the  pot  culture  experiment  illustrated  in  Plate  14,  A.  Note  that 
limestone  was  beneficial  in  producing  more  vigorous  stalks,  whereas  the 
addition  of  aluminum  chlorid  at  the  rate  of  500  pounds  per  acre  caused 
the  plants  to  become  very  susceptible  to  the  rootrots.  The  limestone 
treatment  of  the  Hancock  County  soil,  Plate  14,  B,  was  ineffective,  whereas 
acid  phosphate  produced  better  plants.  The  aluminum-chlorid  treat- 
ment was  more  harmful  than  in  the  Shelby  County  soil. 

In  19 1 8,  an  experiment  conducted  at  Shelby ville,  Ind.,  showed  that 
the  average  yield  of  plants  grown  from  nine  healthy  ears  was  increased 
35.7  per  cent  in  a  soil  with  a  higher  lime  content,  and  the  average  yield 
of  plants  grown  from  five  diseased  ears  grown  in  ear  rows  alternating 
with  those  from  the  healthy  ears  was  increased  62.2  per  cent. 

Results  obtained  by  the  Macon  County  (Illinois)  Farm  Bureau  (21) 
in  experiments  on  the  control  of  corn  rootrot  by  the  use  of  fertilizers 
and  limestone  show  that  when  "badly  diseased"  dent  is  planted  the 
use  of  3  tons  of  limestone  per  acre  increased  the  yield  of  sound  corn 
from  26.07  bushels  to  44.43  bushels,  or  70  per  cent;  from  40.13  bushels 
to  53.98  bushels,  or  34  per  cent;  from  43.37  bushels  to  52.90  bushels, 
or  21  per  cent,  in  plots  planted  with  different  strains.  The  "disease- 
free"  controls  yielded  at  the  rate  of  49.69  bushels  of  sound  corn  in  the 
untreated  plot  and  60.36  bushels  in  the  treated  plot,  giving  a  21  per 
cent  increase.  It  should  be  noted  that  the  "disease-free"  corn  yielded 
the  highest  in  both  the  treated  and  untreated  plots,  yet  the  disease 
was  most  destructive  in  the  untreated  plots,  all  of  which  emphasizes 
the  fact  that  the  highest  yields  will  be  obtained  when  the  best  seed  is 
planted  in  soil  in  the  best  state  of  fertility. 

Other  results  reported  in  various  publications  have  been  summarized 
by  Slipher  (20)  and  show  increases  in  corn  yields  due  to  the  applications 
of  lime,  but  no  experiments  have  been  noted  which  refer  to  the  specific 
effects  on  the  yield  of  plants  growing  from  diseased  seed. 

GENERAL  APPEARANCE  OF  DISEASED  PLANTS 

The  symptoms  associated  with  rootrots  in  dent  have  been  described 
by  Hoffer  and  Holbert  (12),  in  sweetcorn  by  Hoffer  (n),  and  later 
and  in  more  detail  by  Holbert  and  Hoffer  (rj).  These  symptoms 
attributed  to  rootrots  vary  considerably  because  of  the  wide  variations 
which  occur  in  the  type  of  growth  of  corn  plants.  Some  strains  are 
hereditarily  weaker  than  others,  and,  as  has  already  been  said,  it  is 
believed  they  possess  marked  differences  in  their  absorption  rates  of 
available  salts.  No  constantly  uniform  symptoms  have  been  described 
in  open-pollinated  corn  because  of  these  varying  tendencies  in  the  be- 
havior of  these  heterozygous  individuals. 

Typical  cases  of  individual  plants  affected  by  rootrots  are  shown  in 
Plates  2,  B,  and  5,  B.  Plate  13,  A,  shows  the  disease  as  it  occurred  in  a 
field  in  Shelby  County  in  19 18.     The  stalks  had  grown  to  full  size,  but 
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shortly  after  the  ears  began  to  develop  the  roots  became  severely  rotted 
and  many  of  the  stalks  fell  over.  A  similar  condition  of  a  field  of  Stowell's 
Evergreen  Sweetcorn  is  shown  in  Plate  13,  B.  Here,  too,  many  of  the 
stalks  grew  to  a  good  size  but  after  tasseling  became  badly  rootrotted. 
More  of  the  stalks  in  this  field  were  of  stunted  growth  than  in  the  Shelby 
County  field,  however. 

These  two  cases  are  characteristic  of  the  occurrence  of  the  rootrots  in 
soils  high  in  organic  matter  with  abundant  nitrates  but  with  little  calcium 
and  available  phosphorus.  The  nitrates  in  these  soils  favor  abundant 
vegetative  growth  of  the  plants.  The  plants  under  these  conditions 
show  discolorations  of  the  nodal  tissues  very  early  in  their  growth,  and 
when  they  reach  the  tassel  and  ear  stage  of  development  the  nodal 
tissues  frequently  are  much  disintegrated.  This  disintegration  of  the 
nodal  tissues  results  in  broken  shanks  and  a  weakened  root  system. 
The  translocation  of  foods  to  the  roots  is  retarded  and  they  cease  func- 
tioning, as  shown  in  Plate  8,  B. 

The  general  condition  of  the  plants  shown  in  Plate  4,  A,  is  a  very 
common  one  in  large  areas  in  the  Corn  Belt.  The  plants  are  stunted 
in  their  growth,  and  when  they  are  cut  longitudinally  and  examined 
internally  the  nodal  discolorations  will  be  found  in  abundance  in  the 
basal  portion.  The  soils  in  these  fields  were  distinctly  acid,  relatively 
low  in  organic  matter,  and  deficient  in  calcium  and  available  phosphorus. 
After  the  application  of  3  tons  of  limestone  to  the  soil  in  the  field  shown 
in  Plate  4,  A,  the  plants  grew  very  well  the  following  season,  1920. 
The  plants  in  the  treated  plots  were  resistant  to  the  rootrots  which 
affected  those  in  the  untreated  plots. 

The  plants  more  resistant  to  the  rootrots  grow  in  soils  containing 
abundant  nitrates  and  adequate  calcium  and  available  phosphorus. 
Calcium  carbonate  was  found  to  be  harmful  when  applied  alone  to  the 
soil  in  the  field  shown  in  Plate  15,  A.  In  this  field  acid  phosphate  gave 
the  best  results.  The  plants  in  the  calcium-carbonate  plot  were  more 
severely  affected  by  the  nodal  accumulations  of  metals  than  those  in 
the  control  plot. 

Reference  has  already  been  made  to  the  results  of  the  Macon  County 
Farm  Bureau  experiments  (21).  The  rootrot  phenomena  which  develop 
in  plants  in  that  locality  are  very  similar  to  those  shown  in  Plates  4,  B, 
and  13,  B.  By  the  addition  of  lime  and  phosphate  to  this  type  of  soil 
greater  resistance  to  these  rootrots  is  developed  in  the  corn  plants. 

It  seems  from  these  observations  that  the  quantitative  calcium- 
nitrogen  relations  which  exist  in  the  soils  are  probably  important  in 
connection  with  the  development  of  the  symptoms  of  rootrots.  Whether 
or  not  the  high  nitrogen  influences  the  growth  of  the  plants  so  that  they 
become  susceptible  to  the  rootrots  or  whether  the  available  metals, 
which  are  more  abundant  under  the  conditions  of  high  nitrogen  and  low 
calcium  in  the  soils,  determine  the  susceptibility  of  the  plants  to  the  root- 
rots has  not  been  learned.  It  is  probably  best  to  assume  for  the  present 
that  no  one  of  these  factors  can  be  fully  interpreted  independently  of 
the  others,  so  that  due  consideration  must  be  given  to  all  of  them  and 
their  interrelations  established. 

No  detailed  consideration  will  be  given  to  the  fertilizer  experiments 
conducted  as  a  part  of  the  rootrot  investigations  in  this  paper.  The 
results  of  these  experiments  will  be  published  elsewhere.  It  is  desired 
to  refer  only  to  the  soil  conditions  in  general  where  the  rootrots  prevail 
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and  to  show  that  the  soil  has  a  marked  influence  upon  the  growth  of  the 
corn  plants  and  their  relative  susceptibility  to  the  rootrots. 

From  the  foregoing  observations  of  field  conditions  under  which  root- 
rots  prevail,  and  from  the  study  of  the  results  obtained  in  experimental 
plots  located  in  various  parts  of  the  Corn  Belt,  the  evidence  seems  to 
indicate  that  the  soil  environment  determines  in  a  large  measure  whether 
the  plants  become  severely  infected  or  remain  relatively  healthy.  When 
kernels  from  the  same  seed  ears  were  planted  in  plots  in  Iowa,  Illinois, 
Indiana,  and  Ohio  the  amounts  of  rootrot  which  would  develop  in  the 
different  ear  rows  was  influenced  by  the  soil  and  growing  season  more 
than  by  the  organisms  present  in  or  upon  the  seed  planted. 

METHODS  USED  TO  DETECT  METALS  IN  STALKS 

During  the  summer  of  19 19  it  was  discovered  that  large  quantities  of 
iron  compounds,  in  organic  combinations,  were  constantly  present  in 
the  nodal  tissues  which  were  colored  purplish  brown.  The  micro- 
chemical  method  used  to  detect  the  iron  compounds  in  these  tissues  con- 
sisted in  placing  the  tissues  in  a  strongly  acidulated  (HC1)  20  per  cent 
solution  of  potassium  thiocyanate.  When  the  stalks  were  tested  in  the 
field  a  stellite  knife  was  used  to  cut  them  and  the  solution  was  applied 
directly  to  the  exposed  stalk  tissues.  By  this  means  many  hundreds  of 
experiments  and  observations  were  made  upon  plants  in  all  stages  of 
development,  and  it  was  learned  that  the  brownish  purple  nodal  dis- 
coloration was  associated  with  a  relatively  large  quantity  of  iron  com- 
pounds which  accumulate  in  these  tissues.  Invariably  the  plants  which 
were  stunted  in  their  development  (PI.  4,  A,  B),  those  whose  leaves 
became  streaked  with  yellow  or  reddish  purple,  those  with  excessive 
firing  of  the  leaves,  those  with  prematurely  broken  shanks  (PI.  6,  A,  B; 
16,  A,  B),  and  those  which  fell  over  early  in  the  field,  as  shown  in 
Plate  13,  A  and  B,  are  the  plants  which  constantly  are  characterized  by 
discolorations  and  frequent  disorganizations  of  their  nodal  tissues. 

QUANTITY  OF  ACCUMULATIONS  INFLUENCED  BY  SOIL  TYPES 

The  quantities  of  iron  and  aluminum  which  accumulate  in  plants  grown 
from  kernels  from  the  same  seed  ear  vary  according  to  the  nature  of  the  soil 
in  which  the  plants  grow.  An  experiment  was  conducted  in  the  station 
greenhouse  in  19 19  wherein  soils  representing  types  from  different  coun- 
ties in  Indiana  were  used,  as  follows:  Soil  from  the  field  shown  in  Plate  4, 
B,  representative  of  a  calcium-deficient  soil  in  Shelby  County;  soil  from 
Bartholomew  County,  later  found  to  be  lacking  in  phosphorus;  and  a 
soil  from  Sullivan  County,  which  was  deficient  in  calcium.  All  pots  were 
kept  under  relatively  uniform  conditions  of  moisture,  temperature, 
and  light.     A  rich  garden  soil  was  used  as  a  control. 

Table  I  shows  the  record  of  growth  of  three  stalks  in  each  of  these  four 
soils.  The  sign  —  indicates  a  trace  of  iron  present  in  the  nodal  tissues 
when  tested  chemically,  X  indicates  a  large  quantity,  and  o  indicates 
no  trace  whatever.  The  series  of  signs  represent  the  nodal  content  for 
each  node  in  the  stalk  with  the  lowest  node  in  the  stalk  representd  at  the 
left  end  of  the  series  and  the  uppermost  node  in  the  stalk  represented 
at  the  right  end. 

The  best  plants  grew  in  the  garden  soil.  They  were  normal  green  in 
appearance  and  had  the  iron  compounds  uniformly  distributed  through- 
out the  stalk.     This  occurs  in  stalks  of  good,  vigorous  growth.     These 
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results  are  representative  of  others  obtained  by  using  different  kinds  of 
ears,  some  of  which  were  infected  before  planting. 

These  soils,  with  the  exception  of  the  control,  were  soils  in  which  abun- 
dant rootrots  prevailed  during  the  season  of  1919  under  field  conditions 
in  these  representative  counties.  The  stalks  were  cut  longitudinally 
and  then  tested  for  iron  compounds.  At  the  same  time  the  length  of 
the  stem  from  the  growing  point  to  the  base  was  measured.  This  serves 
as  the  best  index  for  showing  relative  amounts  of  stalk  growth.  The 
soil  influence  upon  the  distribution  of  iron  is  very  marked  in  the  different 
stalks,  as  is  seen  in  Table  I. 

Table  I. — Distribution  of  iron  in  vascular  plate  tissues  in  the  nodes  of  three  stalks  grown 
from  seed  from  the  same  seed  ear  in  each  of  four  different  soils,  under  otherwise  similar 
conditions  for  growth,  at  La  Fayette,  Ind.,  IQIQ 
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Color  of  leaves. 

Relative   distribution   of   iron  in 
vascular  plate  tissues.1 

Garden 

Cm. 
I50 

x5° 

120 

80 

100 
.    90 

75 
100 

9° 

95 
80 

80 

Cm. 

3° 
40 

25 
12 

16 
16 

15 
20 
22 
20 

6 
4 

Normal  green .... 
do 

do 

Shelby  County .... 

Slight   yellowish 

green. 
Green 

XXX 

xxxxxx 

Green 

xxxxxxxxx 

Bartholomew 

Yellowish  green. . 
do 

X  —  —  —  —  — 000 
XX-  -  —  —  0000 

County 

do 

XXXX  —  —  0000 

do 

xxxxxxx 

Sullivan  County. . . . 

Normal  green .... 
do 

XXXX 0 

X  X  X  -  000 

1  X  =  relatively  large  quantity  of  accumulated  metals  in  nodes. 
— =  trace, 
c  =  no  trace. 

There  were  cases,  however,  where  the  plants  in  some  soils  were  appar- 
ently diseased  and  would  not  show  the  brownish  purple  discolorations 
of  the  nodal  vascular  plate.  When  tested  for  iron  compounds  no  con- 
siderable quantities  would  be  found  in  the  nodal  tissues.  During  1920 
the  microchemical  method  of  detecting  aluminum  by  use  of  logwood3 
was  applied,  and  it  was  then  discovered  that  aluminum  was  present 
in  these  tissues  in  large  quantities.  After  the  usual  test  for  iron,  the 
aluminum  test  was  made,  and  the  results  from  the  two  tests  usually 
suggested  that  aluminum  may  be  equally  as  important  or  more  so  than 
the  iron  in  its  action  upon  the  tissues.  This  test  cleared  up  what  ap- 
peared to  be  discrepancies  in  interpretation  of  the  results  in  the  field 
when  nodal  tissues  would  be  found  in  stages  of  disintegration  but  without 
the  usual  amount  of  iron  present  in  the  tissues.  The  aluminum  test 
would  indicate  the  total  quantities  of  both  metals  present  in  the  tissues. 

INJECTION  EXPERIMENTS 

Experiments  were  planned  and  carried  out  during  the  summer  of  1920 
to  determine  the  role  of  aluminum  in  the  cornstalk,  and  whether  or 

8  The  logwood  test  consists  in  boiling  the  tissue  to  be  tested  for  aluminum  in  a  saturated  solution  of 
ammonium  carbonate  which  has  been  colored  deep  red  by  logwood.  This  test  should  always  be  made 
after  the  relative  quantity  and  distribution  of  iron  in  the  tissue  has  been  determined  by  the  thiocyanate 
test,  using  a  single  piece  of  tissue  for  each  test. 
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not  its  action  was  comparable  to  that  of  iron.  Injections  of  various 
salts  into  normal-appearing  stalks  were  made  and  the  specific  effects 
of  single  salts  and  of  salts  in  various  combinations  were  observed.  In 
all  cases  a  hill  with  two  similar  and  apparently  normal  stalks  was  selected. 
The  stalk  not  treated  served  as  a  control  for  comparison  with  the  treated 
stalk. 

METHOD  OF  INJECTING  THE  .SOLUTIONS 

The  method  which  was  used  to  introduce  the  chemicals  into  the 
plants  for  the  study  of  their  specific  effects  on  the  plant  tissues  was 
to  insert  a  straight  calcium-chlorid  tube  into  the  stalk  just  above  the 
first  node.  The  stalk  was  first  punctured  with  a  sharp  cork  borer  of  the 
same  size  as  the  small  end  of  the  tube.  The  tubes  were  inserted  ap- 
proximately to  the  center  of  the  stalk  and  then  slightly  exserted  to  form 
a  small  reservoir  for  the  solutions  so  that  they  could  be  absorbed  by 
some  of  the  severed  vascular  bundles.  Measured  quantities  of  the  test 
solutions  were  then  placed  in  the  tubes,  and  a  stopper  was  placed  loosely 
into  the  distal  end.     The  method  is  illustrated  in  Plate  12,  B. 

When  the  cortical  tissues  of  the  stalk  were  imperfectly  cut  the  solu- 
tions would  leak  out,  and  in  such  cases  the  results  were  ignored.  Only 
those  cases  where  definite  absorption  of  the  solutions  occurred  have  been 
considered.  The  quantities  of  the  solutions  which  remained  in  the 
tubes  at  the  end  of  the  experiment  were  measured,  and  the  total  amounts 
were  recorded.  The  quantities  which  were  absorbed  varied  considerably 
for  different  solutes  and  the  moisture  content  of  the  soil. 

Because  of  the  wide  range  in  the  sizes  of  the  plants  which  were  treated 
and  because  of  their  heterozygous  conditions  also,  no  accurate  quanti- 
tative studies  have  been  considered  worth  while  yet  with  the  strains 
of  corn  available  for  study.  Only  plants  which  were  apparently  normal 
were  used,  and  each  group  of  plants  experimented  upon  had  their  origin 
from  the  same  seed  ear.  This  tended  to  reduce  the  strain  differences 
to  a  minimum. 

The  injections  were  begun  just  at  the  time  the  plants  began  to  tassel. 
They  are  difficult  to  make  prior  to  this  time  because  the  cortical  tissues 
are  not  usually  mature  enough  to  support  the  tubes  rigidly.  The  relative 
proportion  of  the  amount  of  stalk  material  to  the  quantity  of  solute 
injected  can  not  be  accurately  determined  because  the  specific  effects 
on  the  tissues  of  varying  quantities  of  the  solute  are  dependent  upon 
a  definite  time  relation.  This,  too,  is  affected  by  changing  plant- volume 
and  absorption-rate  entities  during  the  time  when  injections  are  made. 

The  metals  which  accumulate  in  the  plants  under  normal  seasonal  con- 
ditions are  absorbed  by  the  plants  in  very  dilute  concentrations  from  the 
soil  solution.  The  concentration  of  the  metallic  salts  in  the  soil  solution 
is  therefore  a  most  important  factor  in  determining  the  length  of  time 
required  to  produce  the  specific  effects  of  the  metals.  This  difference  in 
availability  of  these  salts  is  often  observed  in  fields  within  small  areas. 
In  Plate  17  the  effects  are  shown  on  plants  of  dent  and  sweetcorn, 
respectively,  grown  from  seed  taken  from  the  same  seed  ears.  The 
plants  grew  within  12  feet  of  each  other,  the  stunted  plants  being  taken 
from  the  ends  of  the  rows  in  the  soil  with  larger  quantities  of  available 
metals.  Sweetcorn  is  markedly  more  affected  by  these  soil  conditions 
than  dent.  This  has  been  observed  many  times  in  districts  where  both 
kinds  are  extensively  grown. 
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For  the  reasons  discussed,  relatively  high  concentrations  of  some  of 
the  solutions  were  used.  It  should  be  indicated  that  the  quantities  of 
injected  solutions  absorbed  are  relatively  small  in  comparison  with  the 
quantities  of  the  soil  solution  and  other  solutes  which  are  absorbed  by 
the  plants.  Neither  is  the  quantitative  complex  of  nutrients  in  the  cell 
sap  known.  The  injected  solutions  represent  additions  to  the  actual 
quantities  absorbed  by  the  plants.  Obviously,  it  is  difficult  to  study  the 
effects  of  the  various  solutes  in  the  stalks  in  the  field.  Therefore,  the 
chief  value  of  the  injection  experiments  was  to  learn  what  effect  the  vari- 
ous ions  had  upon  the  plant  tissues  when  injected  into  them  in  addition 
to  those  which  were  already  present  in  the  sap. 

The  results  of  the  injections  are  given  in  Table  II.  The  solutions  were 
mostly  i  per  cent  concentrations  of  the  various  solutes.  The  character- 
istic effects  of  the  iron  and  aluminum  salts  are  especially  noteworthy.  The 
effects  are  referred  to  in  Table  II  as  being  either  injurious  or  causing  no  in- 
jury but  their  specific  actions  will  be  described  in  greater  detail  in  the  text. 

Table  II. — Effects  of  solutes  injected  into  com  plants,  based  on  the  average  results  from 
five  similarly  treated  stalks,  all  of  the  same  age  and  approximate  size,  from  readings  made 
seven  days  after  injection 


Average 

Solute. 

Strength. 

quantity 

Result. 

injected. 

Per  cent. 

Cc 

Aluminum  chlorid . 

I 

- 

5 
5 

\Completely  fired  and  streaked;  nodes  de- 
J    stroyed. 
Leaves    streaked,   partially    fired;    node 

Aluminum  nitrate . 

I 

■ 

10 

destroyed. 
Do. 

iS 

Leaves  streaked;  fired;  nodes  destroyed. 

Calcium  nitrate. . . . 

I 

20 

No  apparent  injury. 

Aluminum  nitrate. 

1 

I5J 

fNo    apparent    injury    to    leaves;    nodes 
\    slightly  discolored. 

Calcium  nitrate 

I 

2S 

Aluminum  nitrate. 

I 

T-tVA 
12K/ 

/Leaves  streaked;  necrosis  of  intervascular 
\    tissues;  nodes  slightly  disintegrated. 

Calcium  nitrate. . . . 

I 

25 

. 

*.  J\ 

[Streaked;  necrosis  of  intervascular  leaf  tis- 

Aluminum  nitrate. 
Calcium  nitrate .... 

I 
I 

10/ 

25 

l     sues;  and  disintegration  of  nodal  plate 
I     tissues. 

f       N/5 

30 

Plant  killed;  nodal  tissues  destroyed. 

N/io 

30 

Plant  apparently  normal. 

N/20 

3° 

No  apparent  injury. 

Hydrochloric  acid . 

N/20 

30 

Do. 

Phosphoric  acid. . . . 

1 

200 

Do. 

Tartaric  acid 

1 

10 

Do. 

Citric  acid 

1 

}    ■ 

1 

20 
3° 
30 

Do. 

Acetic  acid 

Malic  acid 

Do. 

Formic  acid 

Plant    killed;      nodal    plate    tissues    de- 
stroyed. 
Very  slight  marginal  firing. 

0.25 

3° 

Iron  citrate 

0.5 

1 

3° 
3° 

Plant  killed;   nodal  tissues  brown. 
Do. 

5 

3° 

Do. 

Ferrous  sulphate. . . 

1 

3° 

Leaves  purple-streaked,  the  streaked  tis- 
sues firing  with  a  distinct  gray  color. 

Iron  citrate 

Magnesium  acetate. 

1 
1 

51 
20J 

25 

No  apparent  injury. 

Iron  citrate 

Magnesium  acetate. 

1 

1 

xol 

15/ 

25 

Leaves  purple  streaked;   nodes  discolored. 

Iron  citrate 

Calcium  citrate .... 

1 
1 

20/ 

25 

No  injury. 

Iron  citrate 

Calcium  acetate.  .. . 

1 
1 

I2K1 
I2KJ 

25 

Purple  streaks  on  leaves;  nodes  discolored. 
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Aluminum-chlorid,  aluminum-nitrate  (PI.  11),  iron-citrate  (PI.  18,  A), 
and  ferrous-sulphate  injections  (PI.  18,  B)  caused  marked  injurious 
effects  upon  the  vascular  plate  tissues,  while  iron  nitrate  (PI.  18,  C)  and 
iron  chlorid  (PI.  18,  D)  accumulated  in  the  vascular  plate  tissues  without 
producing  any  marked  injury  to  either  the  leaves  or  vascular  plates. 
These  accumulations  were  detected  by  testing  the  tissues  chemically. 

Acetic,  citric,  tartaric,  phosphoric,  and  malic  acids  in  1  per  cent  con- 
centrations caused  no  injurious  effects  that  could  be  noticed  in  the 
plants.  In  fact,  the  plants  receiving  the  malic  and  phosphoric  acids 
appeared  greener  and  healthier  than  the  control  plants.  Formic  acid, 
however,  proved  to  be  harmful,  the  plants  dying  within  two  days.  The 
r61e  of  the  organic  acids  in  relation  to  the  availability  of  the  metallic 
salts  is  being  investigated  further.  Maze"  (16)  reports  that  malic  acid  is 
secreted  by  the  roots  of  the  corn  plants  and  has  an  important  bearing 
upon  the  absorption  of  the  plant  nutrients. 

The  chief  purpose  of  the  injection  studies  was  to  determine  the  specific 
effects  of  the  iron  and  aluminum  salts.  The  effect  of  aluminum  nitrate 
upon  the  corn  plant  tissues  is  shown  in  Plate  11,  A  and  B.  The  ultimate 
effect  upon  the  leaf  tissues  consists  of  a  killing  of  the  intervascular  leaf 
tissues  and  a  destruction  of  the  nodal  vascular  plate  tissues.  The  prog- 
ress of  this  action  on  these  tissues  is  of  much  interest  because  the  symp- 
toms of  various  stages  resemble  closely  certain  of  the  symptoms  which 
become  prominent  during  the  progress  of  development  of  the  injuries  in 
the  stalk  and  leaves  associated  with  the  rootrot  disease  in  soils  with 
available  aluminum  salts. 

Of  a  1  per  cent  solution  of  aluminum  nitrate  5  c.  c.  was  sufficient  to 
cause  the  effects  shown  in  Plate  11,  A.  The  quantity  of  aluminum  ions 
was  less  than  9  mgm.  It  is  seen  then  that  a  sudden  increase  in  the 
aluminum-ion  content  of  the  stalk  is  disastrous  and  that  the  quantity 
that  is  necessary  is  exceedingly  small. 

Aluminum  chlorid  is  also  very  toxic,  but  in  this  case  the  action  of 
chlorine  ions  may  have  played  a  part  in  the  injuries.  These  effects  will 
be  studied  further.  In  this  relation  the  effects  of  N/20  hydrochloric 
acid  should  be  noted.  No  injury  to  the  nodal  plate  tissues  resulted 
from  the  introduction  of  30  c.  c.  of  the  acid.  From  these  results  it  is 
evident  that  the  aluminum  ions  are  the  toxic  ones. 

When  N/100  aluminum  nitrate  was  injected  into  the  stalks  the  injury 
to  the  leaf  tissues  developed  slowly,  the  first  effect  being  a  slight  yellow- 
ing of  the  intervascular  tissues  at  the  distal  end  of  the  leaves.  The 
yellowing  of  the  tissues  was  followed  by  a  complete  disappearance  of 
the  chlorophyll  and  this  by  a  water-soaked  appearance  of  the  tissues. 
The  affected  tissues  then  became  dry  and  brown,  and  the  leaves  presented 
the  streaked  appearance  shown  in  Plate  11,  B.  The  stages  in  the  prog- 
ress of  the  injury  to  the  nodal  tissues  were  observed  in  a  number  of 
plants.  The  accumulation  was  most  pronounced  in  the  vascular  plate 
tissues,  although  the  aluminum  salts  combine  with  the  cell  contents  of 
the  phloem  cells  along  the  entire  vascular  bundles  through  which  they 
are  being  conducted.  The  vascular  plate  tissues  (zone  B  in  PI.  3,  A) 
first  become  yellowish  brown  in  color,  then  brown,  and  with  the  deepen- 
ing of  the  brown  color  the  disintegration  of  the  tissues  can  be  noted. 
The  advanced  stages  of  this  disintegration  are  shown  in  Plate  n,  A. 
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SOIL  CONDITIONS  WHICH   FAVOR   ALUMINUM  AVAILABILITY 

The  conditions  which  develop  in  a  soil  to  make  the  aluminum  salts 
available  also  account  for  increased  quantities  of  available  iron  salts,  and, 
therefore,  salts  of  both  elements  are  absorbed  at  the  same  time.  Because 
of  this  close  chemical  relation  of  these  two  metals  it  is  necessary  to  study 
much  further  the  effects  of  fertilizers  and  soil  acidity  upon  their  respective 
availabilities  to  the  corn  plants.  The  fact  that  chemical  tests  of  diseased 
and  normal  stalks  in  the  field  show  variations  in  the  accumulations  of 
compounds  of  each  metal  in  the  stalks  in  the  nodal  tissues  suggests  that 
the  specific  effects  of  the  metals  upon  the  discoloration  and  rate  of  dis- 
integration of  the  vascular  plate  tissues  may  be  determined  by  certain 
conditions  in  the  soil  or  by  variations  in  the  "elective"  capacities  of 
different  plants  to  absorb  quantities  of  these  metallic  salts  when  available. 

It  is  important,  therefore,  that  the  corn  plants  in  the  seedling  and 
juvenile  stages  of  growth  should  be  least  affected  by  the  available  metals. 
Acid  phosphate  applied  to  the  soil  at  planting  time  greatly  stimulates  the 
growth  of  young  plants  in  experimental  plots.  Whether  this  is  due  to  the 
increased  phosphorus  or  to  the  precipitation  of  the  available  aluminum 
which  might  affect  the  plants  is  uncertain,  yet  it  is  known  that  aluminum 
toxicity  takes  place  in  the  absence  of  sufficient  phosphates  to  precipitate 
the  aluminum  salts  in  the  soil  solution.  And,  furthermore,  the  plants  in 
the  youngest  stage  of  development  would  be  most  rapidly  affected  and 
therefore  show  the  effects  of  toxicity  in  retarded  growth. 

TISSUES   IN  WHICH   THE   METALS  ACCUMULATE 

By  treating  the  vascular  plate,  zone  B  tissues,  in  healthy  plants  with 
concentrated  nitric  acid,  the  cells  where  the  accumulations  of  the  organic 
metallic  compounds  occur  first  will  give  a  distinct  xanthoproteic  reac- 
tion. The  cells  lie  close  to  the  xylem  elements  of  the  branching  bundles  in 
the  vascular  plate.  When  the  disintegration  of  the  tissues  begins,  these 
cells  are  the  first  ones  to  break  down. 

This  disintegration  effect  on  the  zone  B  tissues  may  have  much  signifi- 
cance although  it  must  be  admitted  that  very  little  is  known  regarding  it 
at  the  present  time.  When  the  metals  accumulate  in  these  nodal  tissues 
after  their  injection  into  the  stalks  it  has  been  found  that  the  nodal  tissues 
in  zone  B,  as  shown  in  plate  3,  A,  give  a  strong  test  for  peroxidase  with 
gum  guaiacum.  This  reaction  is  probably  of  much  significance  and  may 
indicate  in  a  measure  the  probable  cause  of  the  discolorations  which  are 
consequent  to  the  increased  metallic  content  of  these  tissues. 

Bayliss  {3)  reports  that — 

a  peroxidase  is  in  all  probability  a  peculiarly  active  form  of  the  colloidal  hydroxides 
of  manganese,  iron,  or  copper  preserved  in  this  active  state  by  the  presence  of  an 
emulsoid  colloid,  such  as  gum  or  albumin. 

He  states  further  that  the  metals  found  to  be  active  as  peroxidases  are 
those  capable  of  existing  in  two  states  of  different  valencies.  If  this 
conclusion  of  Bayliss  is  correct  it  would  assist  in  interpreting  the  phe- 
nomena observed  in  the  nodal  vascular  plate  tissues  in  the  treated  stalks 
and  in  diseased  stalks.  The  fact  that  the  iron  and  aluminum  accumula- 
tions are  organic  aggregates  of  some  kind  in  these  tissues,  and  the  fact 
that  the  tissues  become  strongly  active  enzymatically,  with  special  refer- 
ence to  peroxidase,  may  be  significant.  The  intensity  of  this  action 
probably  would  determine  the  period  of  functioning  of  these  tissues.     The 
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increased  peroxidase  activity  in  the  tissues  may  yield  hydrogen  peroxid, 
or  other  by-products,  which  in  themselves  may  become  toxic  and  account 
for  the  destruction  of  the  tissues  consequent  to  the  metal  accumulation. 
Furthermore,  other  metals  and  organic  substances  may  enter  the  plant 
and  stimulate  this  peroxidase  activity  in  the  zone  B  tissues.  After  the 
basal  tissues  and  roots  begin  to  rot  the  decomposition  products  from  these 
rotted  parts  may  be  absorbed  and  act  as  toxins  in  the  plant.  These 
suggestions  are  given  because  the  resultant  effects  of  the  root  and  stalk 
rots  upon  the  plant  present  a  complexity  of  phenomena  which  are 
difficult  to  analyze. 

On  the  other  hand,  the  fact  that  the  metals  accumulate  in  the  cells 
giving  a  strong  xanthoproteic  reaction  may  confirm  the  report  of  Sziics 
(24)  that  aluminum  combines  directly  with  protoplasm  and  "sets  it." 
Loew  (15)  infers  that  calcium-protein  compounds  exist  in  the  organized 
particles  from  which  the  nucleus  and  chlorophyll  bodies  are  built  up. 
The  replacement  of  the  calcium  by  another  element  would  lead  to  a 
disturbance  in  the  structure  of  the  protein  molecule,  and  this  would 
prove  fatal. 

Whether  or  not  calcium-protein  aggregates  exist  in  the  cells  in  zone  B 
tissues  as  well  as  in  the  leaf  tissues,  it  is  of  much  significance  that  when 
calcium  was  introduced  along  with  the  aluminum  salts  the  injuries  to 
the  nodal  and  leaf  tissues  were  reduced  in  severity  during  the  length  of 
time  necessary  for  the  aluminum  ions  alone  and  in  equivalent  concentra- 
tions to  become  actively  toxic.  The  mass  effect  of  a  preponderance  of 
calcium  in  the  cell  tissues  may  inhibit  the  disorganization  of  the  protein 
aggregates  by  the  aluminum  and  iron  salts. 

The  iron-citrate  solution  was  absorbed  readily  by  the  stalks  and  killed 
the  plants  within  three  days.  The  characteristic  effect  of  the  iron 
citrate  was  a  rapid  wilting  of  the  stalk  and  a  heavy  precipitation  of  iron 
compounds  all  along  the  vascular  bundles,  as  shown  in  Plate  18,  A. 
The  leaves  developed  a  vinaceous  gray  color,  and  the  tissues  next  to  the 
vascular  bundles  in  the  stalk  and  leaves  became  brown. 

Ferrous  sulphate  was  probably  the  most  actively  toxic  form  of  iron  salts 
tested  (PI.  18,  B).  The  dark  brown  discolorations  along  the  vascular 
bundles  in  the  leaves  are  characteristic  of  the  first  effects  of  ferrous  sul- 
phate, and  this  is  followed  by  a  wilting  and  the  death  of  the  leaves. 
The  vascular  bundles  in  the  stalk  become  brown,  and  in  zone  B  dis- 
integration of  the  tissues  occurs.  The  color  of  the  darkened  tissues  is  a 
brownish  purple,  not  unlike  the  discolorations  found  in  stalks  growing 
in  acid  soils,  as  shown  in  Plates  2,  B,  and  5,  A  and  B.  The  disinte- 
gration of  the  tissues,  of  course,  is  much  more  rapid  than  that  which 
occurs  naturally  in  the  field,  due  to  the  stronger  concentrations  of  the 
solution  used.  The  most  abundant  nodal  discolorations  do  not  appear 
in  the  stalks  until  tassel  time,  a  period  of  probably  60  to  80  days  after  the 
seed  is  planted,  although  seedlings  growing  in  soils  with  large  quantities 
of  available  aluminum  and  iron  will  show  the  basal  tissue  discolorations 
very  early,  according  to  their  different  relative  absorption  rates. 

Because  of  the  gradual  and  progressive  changes  which  can  be  induced 
in  the  corn  plants  by  the  injection  of  dilute  solutions  of  aluminum  and 
iron  salts  and  because  these  so  closely  resemble  the  progress  of  develop- 
ment of  similar  symptoms  in  corn  plants  growing  in  different  types  of 
soil,  it  is  evident  that  the  available  salts  of  aluminum  and  iron  in  most 
soils  are  absorbed  by  the  plants  in  dilute  subtoxic  concentrations  and 
enter  into  organic  combinations  with  various  tissues  in  the  plants.     With 
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continued  absorption  of  these  metals  the  cumulative  capacities  of  the 
plants  seem  to  reach  a  limit,  and  then  the  organic  metal  aggregates  in 
the  cells  begin  to  disintegrate.  The  rate  of  this  action  may  be  determined 
by  the  quantities  of  alkaline  bases  present  in  the  plant  sap.  The  fact 
also  that  the  metals  become  "masked"  or  fixed  in  the  plant  tissues 
would  probably  explain  their  continued  absorptions  from  the  soil  solu- 
tion, the  rate  of  absorption  being  largely  determined  by  their  relative 
availabilities. 

QUANTITIES  OF  ALUMINUM  PRESENT  IN  STALKS  FROM   DIFFERENT 

LOCALITIES 

The  percentage  of  ash  in  cornstalks  varies  considerably  for  plants 
grown  in  different  parts  of  the  country.  Analysis  of  a  limited  number 
of  plants  shows  that  their  ash  contents  vary  from  approximately  3  to 
6.3  per  cent.  The  aluminum  content  of  the  ash  of  the  leaves  also  varies 
markedly,  within  a  range  extending  from  1.75  per  cent  to  as  high  as  5.06 
per  cent  in  some  plants.  In  fact,  the  aluminum  content  of  the  ash  of  dis- 
eased corn  plants  obtained  in  1920  from  the  Wanatah  (Ind.)  soil  investi- 
gated by  Abbott,  Conner,  and  Smalley  (/)  was  over  10  per  cent. 

Table  III  contains  a  summary  of  the  analyses  of  the  ash  and  aluminum 
contents  of  normal  and  rootrotted  plants  selected  in  different  localities. 
The  aluminum  content  has  been  constantly  greater  in  the  diseased  stalks 
than  in  the  normally  growing  ones.  These  differences  suggest  a  relation 
between  the  occurrence  of  the  rootrots  and  the  aluminum  content  of  the 
stalks. 

Table  III. — Percentage  of  ash  and  aluminum  in  normal  and  diseased  stalks  obtained 

from  different  localities  in  1920 


Normal. 

Diseased. 

Locality. 

Number  of 
stalks. 

Percentage    Percentage 
of  ash.      1   of  AI2O3. 

Number  of 
stalks. 

Percentage 
of  ash. 

Percentage 
of  AliOs. 

Sullivan,  Ind 

3 
3 

3.22 
2.99 

I.77 
2.  OO 

II 

8 
8 
3 

3-5* 

4.48 

6.  27 
4.27 

2.8o 

3-32 
4.27 
5.06 

Battleground,  Ind 

2 

4.71 

2.  21 

"  Diseased  specimens  only  were  received. 

Table  IV. — Total  ask  content  and  percentage  of  aluminum  in  healthy  and  diseased  stalks 
of  Reid  Yellow  Dent  from  experimental  plot  at  Battleground,  Ind.,  in  1920 


8  healthy  stalks.  . 
2 1  diseased  stalks . 


Ash. 


AhOa. 


Per  cent. 

Per 

cer 

t. 

3-64 

I. 

99 

4.09 

3- 

73 

Table  IV  gives  a  direct  comparison  between  specially  selected  stalks 
of  Reid  Yellow  Dent  variety.  Various  types  of  stalks  showing  symp- 
toms of  rootrots  were  selected  and  checked  against  the  normal-appearing 
stalks  growing  in  the  same  soil  with  the  same  conditions  for  growth. 
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It  has  been  learned  that  certain  soils  vary  within  a  few  feet,  and  for  this 
reason  some  of  the  plants  which  became  diseased  may  have  had  larger 
quantities  of  these  salts  for  absorption.  This  soil  condition  is  frequently 
found  in  many  fields,  as  is  illustrated  in  Plate  4,  A. 

Plate  17  shows  two  plants  growing  from  the  same  seed  ear.  The 
plants  were  grown  within  12  feet  of  each  other.  The  soil  in  which  the 
normal  plant  grew  gave  no  reaction  for  available  iron  and  aluminum, 
while  the  soil  in  which  the  stunted  plant  grew  had  a  lime  requirement  of 
1,100  pounds  per  acre.  Plate  19  shows  this  marked  difference  in  the 
rates  of  growth  in  a  field.  The  tall  plants  were  growing  in  a  soil  which 
gave  no  reaction  for  available  iron  or  aluminum  and  also  reacted  basically 
to  the  extent  of  an  equivalent  of  600  pounds  of  lime  per  acre.  A  sample 
taken  from  the  soil  where  the  stunted  plants  were  growing  showed  the 
presence  of  available  aluminum  and  iron  salts,  and  a  lime  requirement 
of  900  pounds  per  acre.  The  plants  in  this  part  of  the  field  were  badly 
rootrotted  on  June  30,  192 1,  while  those  growing  in  the  better  soil  had 
no  rot  lesions  on  the  roots. 

The  ash  of  normal  stalks  contains  approximately  2  per  cent  of  alumi- 
num (A120)3,  but  when  the  proportion  increases  the  pathological  phe- 
nomena of  stunted  growth,  leaf  streaking,  nodal-tissue  discoloration  and 
disintegration,  broken  shanks,  and  premature  death  of  the  stalks  may 
develop.  The  nature  of  the  symptoms,  of  course,  is  dependent  upon  the 
relative  availability  of  the  aluminum  and  iron  salts  in  the  soil  and  the 
meteorological  conditions  favoring  the  growth  of  the  corn  plants. 

EFFECTS  OF  METALS  ON  FUNCTIONING  OF  VASCULAR  BUNDLES 

Many  plants  which  wilted  and  died  prematurely  have  been  studied. 
When  stalks  in  various  stages  of  disease  are  cut  near  the  base  and  placed 
immediately  in  tap  water  colored  with  methylene  blue  it  will  be  found 
that  a  number  of  the  vascular  bundles  are  not  functioning.  Plate  20,  A-C, 
and  Plate  1,  B,  show  longitudinal  and  cross  sections  through  a  diseased 
stalk.  Note  the  small  number  of  functioning  bundles  as  contrasted  with 
sections  through  a  similarly  treated  normal-appearing  stalk,  as  shown 
in  Plate  2 1 ,  A  and  B ,  and  in  Plate  1 ,  A.  It  has  been  found  that  the  central 
bundles  in  the  stalk  cease  functioning  first,  and  when  longitudinal 
sections  are  made  through  the  stalks  and  tested  chemically  for  iron 
and  aluminum,  these  are  the  ones  which  give  the  reactions  for  the  largest 
quantities  of  accumulated  metals  in  the  vascular  plate  tissues. 

This  plugging  of  the  vascular  bundles  is  a  common  effect  of  various 
solutions  of  the  metals  when  absorbed  by  corn  plants.  Aluminum  salts 
are  especially  active  in  this  regard.  It  has  been  found  in  experiments 
that  plants  wilt  very  rapidly  when  cut  and  placed  in  N/100  solution  of 
aluminum  nitrate,  whereas  in  the  same  concentration  of  ferrous  sulphate 
larger  quantities  are  absorbed  before  wilting  begins.  This  latter  type  of 
wilting,  due  to  ferrous  sulphate,  is  subsequent  to  marked  leaf-tissue 
injuries,  whereas  the  wilting  due  to  the  aluminum  usually  precedes  the 
leaf-tissue  injuries.  The  physiological-chemical  interpretation  of  this 
action  is  not  known.  Neither  is  the  physiological  effect  of  the  metal 
salts  upon  the  phloem  tissues  known.  The  changes  which  occur  in  plants 
with  large  quantities  of  metals  in  their  tissues  offer  many  problems 
which  must  be  solved  according  to  their  influence  upon  the  functions 
of  the  different  tissues,  such  as  absorption,  transpiration,  translocation, 
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and  general  metabolism.  It  is  known  that  they  act  in  a  beneficial 
manner  upon  certain  tissues  when  present  in  very  small  quantities. 
When  the  quantities  are  supra-optimal  the  effects  become  pathological. 

The  influence  of  the  metals  which  frequently  accumulate  in  the  scutel- 
lum  of  the  kernels,  as  shown  in  Plate  5,  C,  upon  germination  and  growth 
of  the  seedlings  must  also  be  considered.  There  is  some  evidence  to 
indicate  that  they  affect  the  amylase  activity  in  these  tissues  and  inhibit 
the  growth  of  the  young  seedlings. 

Many  weakly  germinating  seedlings  have  been  studied  in  this  regard, 
and  it  has  been  found  that  many  seedlings  which  possess  a  darkened 
scutellum,  such  as  has  been  described  by  Adams  and  Russell  (2),  will 
show  relatively  large  quantities  of  accumulated  iron  in  these  tissues  in 
comparison  with  the  quantities  which  normally  are  present  in  the  seed- 
lings of  high-yielding,  disease-free  types.  Whether  or  not  these  tissues 
are  affected  by  the  metals  so  that  they  too  become  more  easily  invaded 
by  fungi  has  not  been  determined,  yet  they  frequently  are  infected  by 
Rhizopus  nigricans  Ehrb.,  Penicillium  spp.,  and  other  organisms. 

The  conditions  of  high  aluminum  availability  in  acid  soils  are  chiefly 
those  which  occur  when  calcium  and  phosphorus  salts  are  lacking,  as 
shown  by  Mirasol  (18).  For  this  reason  the  effects  of  aluminum  com- 
pounds may  rapidly  become  injurious,  due  perhaps  both  to  a  cumulative 
toxicity  in  the  concentration  centers  in  the  plants  and  to  a  phosphorus 
starvation  of  the  growing  and  functioning  tissues. 

The  influence  of  nitrates  in  the  soil  has  already  been  referred  to. 
When  they  are  abundant  the  plants  seem  to  grow  more  vigorously  and 
the  quantity  of  aluminum  compounds  may  not  reach  toxic  proportions 
in  any  particular  part  until  the  plants  have  made  good  vegetative 
growth.  When  the  available  nitrates,  as  well  as  the  calcium  and  phos- 
phorus in  the  soil,  are  low,  as  shown  in  Plate  4,  A  and  B,  and  Plate  19, 
the  cumulative  aluminum  toxicity  develops  rapidly  and  the  growth  of 
the  plants  is  retarded.  The  nodal  tissues  become  disorganized  very 
early  in  the  life  of  the  plant.  Plants  in  the  condition  shown  in  Plate 
19  have  recovered  from  this  stunting  effect  after  heavy  rains.  New 
roots  may  push  out,  provided  the  basal  tissues  are  not  too  badly  affected, 
and  with  a  decreased  percentage  of  available  salts  of  aluminum  and 
iron  in  the  soil  more  rapid  growth  may  take  place.  Any  retardation  of 
the  early  growth  of  the  stalks  due  to  any  cause,  either  the  accumulated 
metals,  infected  seed,  or  insect  injury,  results  in  a  lessened  productive 
capacity  of  the  plant. 

IMPORTANCE  OF  AVAILABLE  PHOSPHATES 

As  the  quantities  of  available  aluminum  compounds  vary  according  to 
the  type  of  the  soil  and  according  to  the  farm  management  practiced 
upon  the  different  soils,  and,  furthermore,  as  the  amount  of  moisture 
affects  the  quantities  of  available  aluminum  compounds,  as  has  been 
shown  by  Conner  (6),  it  is  evident  that  the  rate  of  absorption  of  these 
salts  must  be  related  to  their  respective  availabilities  during  different 
periods  of  the  growing  season.  The  other  available  elements,  calcium 
and  phosphorus,  also  vary  in  quantity  in  the  different  soils.  The  phos- 
phorus relation  is  the  most  important  one  in  connection  with  the  alumi- 
num and  iron  salt  availabilities.  The  aluminum  salts  are  not  available 
in  any  considerable  quantities  in  a  soil  containing  soluble  phosphates. 
It  is  a  recognized  fact  that  most  acid  soils  are  deficient  in  phosphates. 
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The  greater  the  intensity  of  the  acidity  the  greater  are  the  quantities  of 
aluminum  and  iron  salts  which  become  available. 

When  lime  is  added  to  acid  soils  it  is  believed  that  the  conditions 
which  operate  to  make  the  aluminum  and  iron  compounds  available  are 
destroyed,  and  even  though  aluminum  salts  may  still  be  available  after 
calcium  carbonate  is  added,  the  addition  of  soluble  phosphates  will 
rapidly  precipitate  the  aluminum  salts  and  render  the  aluminum  inert 
so  far  as  absorption  by  corn  plants  is  concerned. 

Lime  has  a  beneficial  effect  according  to  Hartwell  and  Pember  (ro), 
Mirasol  (18),  and  Conner  (7),  although  its  action  is  markedly  slower 
than  that  of  acid  phosphate. 

Aluminum  phosphate  is  relatively  insoluble,  yet  when  used  as  a 
fertilizer  it  produces  an  increased  growth  of  corn  plants,  according  to 
unpublished  results  obtained  by  Conner.  This  is  perhaps  due  to  the 
hydrolysis  of  the  aluminum  phosphate,  as  shown  by  Cameron  and  Bell 
(4),  the  result  of  which  would  yield  inert  aluminum  hydroxid  and  available 
phosphorus  to  the  plant. 

These  statements  are  based  upon  studies  of  plants  in  fertilizer  experi- 
ments in  the  field  and  greenhouse. 

DISCUSSION 

The  role  of  phosphorus  in  plant  growth  and  reproduction  is  a  problem 
which  has  been  worked  upon  by  many  investigators,  and  its  relation  to 
certain  of  the  metabolic  processes  is  fairly  well  understood.  The  ash 
content  of  kernels  of  corn  averages  45  per  cent  phosphoric  acid.  Its 
importance,  therefore,  in  the  production  of  seed  corn  needs  no  further 
emphasis. 

The  fact  that  phosphorus  is  deficient  in  most  acid  soils  is  also  well 
known  and  needs  no  discussion.  The  importance  of  available  aluminum 
compounds  in  the  soil,  however,  is  just  beginning  to  be  studied  intensively, 
and  the  fact  that  when  the  aluminum  salts  are  available  or  become 
available  the  supply  of  available  phosphates  is  not  adequate  for  the 
needs  of  plants  in  normal  growth  is  one  which  presents  a  complex  problem 
for  investigation. 

The  role  of  lime  in  the  soil  in  relation  to  the  conditions  under  which 
aluminum  and  iron  salts  become  available  for  absorption  is  probably 
that  of  a  stabilizer  of  the  soil  reaction.  The  hydrogen-ion  index  of  a 
black  loam  soil  deficient  in  phosphates  and  lime  varied  markedly  during 
the  growing  season  of  1920.  Therefore,  if  the  soil  reaction  can  be  main- 
tained constantly  near  neutrality  the  quantities  of  available  aluminum 
and  iron  salts  will  be  less  for  absorption  by  the  corn  plants. 

The  growth  phenomena  of  the  corn  plants  can  not  be  normal  under 
such  conditions  of  deficient  phosphates  and  lime  and  available  aluminum 
and  iron  salts.  It  is  necessary,  therefore,  to  isolate  the  phenomena  due 
to  specific  ions,  if  possible,  and  study  them  separately.  This  was 
attempted  in  part  by  injecting  solutions  of  supposedly  harmful  salts 
and  others  into  normal  plants.  By  this  means  it  was  found  that  alumi- 
num and  iron  ions  were  harmful  and  would  produce  effects  similar  to 
those  which  become  manifest  in  many  stalks  which  are  affected  by 
rootrots.  A  specific  toxic  action  was  stimulated  by  the  aluminum  and 
iron  ions,  respectively.  Organic  and  mineral  acids  injected  into  the 
stalks  in  higher  concentrations  than  are  ever  found  in  acid  soils  produced 
no  specific  results.     Furthermore,  when  calcium  ions  were  introduced  in 
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large  quantities  the  intensity  of  the  action  of  the  metal  ions  seemed  to 
be  inhibited  during  the  time  usually  required  in  the  experiments  for  the 
aluminum  and  iron  ions  to  become  injurious. 

These  injection  experiments  have  their  shortcomings.  The  salts 
absorbed  naturally  by  the  plants,  as  well  as  the  quantity  of  water,  are 
unknown  quantities.  For  this  reason  the  concentration  of  the  specific 
ions  after  injection  into  the  plant  could  not  be  approximated.  The 
resultant  effects  of  introducing  definite  quantities  of  solutes  irrespective 
of  their  dilution  were  studied.  By  this  means  the  cumulative  toxicity 
of  specific  aluminum  and  iron  ions  was  definitely  proved,  although  the 
toxic  and  lethal  concentration  within  the  stalks  are  unknown.  Probably 
the  aluminum  and  iron  ratio  to  the  green  weight  of  the  plants  offers  the 
best  basis  for  comparison,  but  this  must  be  definitely  established.  With 
a  large  quantity  of  available  metals  during  the  seedling  stage  the  ratio 
would  be  very  high,  but  with  rapid  growth  of  the  plants  under  favorable 
meteorological  conditions  and  abundant  nitrates  the  ratio  may  be  kept 
relatively  low  until  later  in  the  life  of  the  plant.  Furthermore,  different 
plants  will  absorb  the  metals  at  different  rates,  and  this  absorption-rate 
capacity  of  the  plants  also  complicates  the  problem. 

The  brownish- purple  discolorations  and  frequent  disintegrations  of  the 
nodal  tissues  are  the  result  of  the  metal  accumulations  in  these  tissues. 
Because  of  the  soil  relations  which  have  just  been  described,  it  seems 
reasonable  to  conclude  that  when  the  accumulations  of  metal,  especially 
aluminum,  occur  in  abundance  in  the  corn  plants,  the  soil  is  deficient  in 
available  phosphates.  Furthermore,  under  these  conditions  if  the 
organisms  commonly  found  in  rotted  roots,  such  as  Fusarium  moniliforme, 
Trichoderma  sp.,  Rhizopus  spp.,  Penicillium  spp.,  a  white  bacterium,  and 
others,  are  present  in  the  soil  they  will  produce  definite  rot  lesions  in  the 
roots  and  basal  parts  of  the  stalks.  The  condition  of  the  tissues  within 
the  plants  seems  to  determine  the  rate  of  development  and  consequent 
injuriousness  of  these  rots. 

Resistance  to  the  rootrots  in  corn  plants  seems  to  be  defined  (i)  by 
the  respective  abilities  (inherited)  of  the  plants  to  absorb  materials 
present  in  the  soil  solution  and  (2)  by  the  relative  concentrations  of 
deleterious  ions  presented  to  the  roots  in  the  soil  solution. 

In  this  consideration  of  the  rootrots  of  corn  it  should  be  borne  in  mind 
that  the  importance  of  using  seed  which  has  not  been  damaged  by 
infection  by  fungi  and  bacteria  is  in  no  way  diminished.  The  value  of 
using  seed  which  has  not  been  weakened  by  infections  has  already  been 
indicated  (11,  12,  13).  These  investigations  cover  those  effects  upon 
plants  which  occur  irrespective  of  the  seed  infections  and  which  are 
more  directly  referable  to  the  soil  influences  upon  the  growth  of  the 
plants  and  their  relative  resistances  to  these  influences  which  determine 
susceptibility  to  and  the  extent  of  development  of  the  rots  in  the  plant 
parts.  If  these  infections  can  be  controlled  in  a  large  measure  by  soil 
treatments  and  by  breeding  better  strains  of  corn,  the  practical  impor- 
tance of  these  investigations  will  be  established.  Therefore,  seed  ears 
should  be  selected  which  are  free  from  infections  and  brownish  purple 
discolorations  of  the  shank  tissues.  Moreover,  the  plants  in  the  field 
which  do  not  show  accumulations  of  large  quantities  of  the  metals,  as 
evidenced  by  the  nodal  plate  discolorations  and  disintegrations  of  the 
tissues,  by  the  time  the  ears  are  matured,  are  likely  to  be  of  greater 
value  to  the  corn  breeder  than  those  plants  which  show  these  character- 
istics when  grown  under  similar  conditions.     These  statements  apply 
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equally  well  to  plants  in  all  localities,  irrespective  of  whether  rootrots 
develop  in  them  and  appear  to  become  a  serious  menace  to  the  crop. 

SUMMARY 

(1)  One  of  the  most  characteristic  differences  between  normally  grow- 
ing corn  plants  and  those  which  become  severely  rootrotted  is  the  con- 
dition of  the  vascular  plate  tissues  in  the  nodes  of  the  stalks.  The  plants 
which  become  severely  rootrotted  are  those  which  have  the  nodal  tissues 
discolored  and  in  various  stages  of  disintegration. 

(2)  This  disintegration  of  the  nodal  plate  tissues  begins  in  the  absence 
of  any  specific  organisms  in  the  tissues. 

(3)  The  brown,  yellowish  brown,  and  brownish  purple  discolorations 
with  their  consequent  disintegrations  which  are  frequently  found  in  dis- 
eased plants  have  been  produced  artificially  by  injecting  solutions  of  cer- 
tain salts  of  aluminum  and  iron  into  the  plants.  Definite  chlorophyll  and 
leaf-tissue  changes  have  been  produced  also.  Other  factors,  however, 
may  operate  to  produce  similar  effects. 

(4)  These  artificially  induced  changes  in  the  plant  parts  closely  resemble 
the  phenomena  which  develop  in  plants  growing  in  the  field  under  condi- 
tions favorable  to  rootrots. 

(5)  The  most  severe  cases  of  rootrots  have  been  found  in  soils  notable 
because  of  their  deficiencies  of  lime  and  available  phosphates. 

(6)  Such  soils  have  variable  quantities  of  salts  of  aluminum  and  iron 
available  for  absorption  by  plants. 

(7)  Corn  plants  show  marked  differences  in  the  quantities  of  aluminum 
and  iron  salts  which  are  absorbed  by  them.  These  differences  develop 
when  the  salts  are  available  in  subtoxic  concentrations  in  the  soil  and  are 
believed  to  be  due  to  specific  selective  capacities  of  different  plants  to 
absorb  the  available  aluminum  and  iron  salts  from  the  soil.  This  type 
of  selective  absorption  cannot  operate  when  the  aluminum  and  iron  salts 
occur  in  quantities  which  are  toxic  to  the  roots. 

(8)  A  definite  cumulative  toxicity  of  aluminum  salts  within  the  plants 
was  established  by  the  injection  experiments,  and  it  is  believed  that  the 
same  phenomenon  occurs  naturally  in  the  field.  The  relative  quantities 
of  the  available  metals  and  of  nitrates  in  the  soil  determine,  in  a  large 
measure,  the  rate  of  development  of  the  cumulative  toxicity  of  the  metals 
within  the  plants.  Those  plants  which  contain  the  largest  quantities  of 
these  metals  are  the  ones  which  seem  to  develop  the  most  severe  cases  of 
rootrots  when  the  organisms  are  present  in  the  soil  and  the  meteorological 
conditions  favor  their  optimum  growth. 

(9)  When  abundant  aluminum  injuries  occur  in  the  corn  plants  in  cer- 
tain fields  it  is  an  indication  that  the  soil  is  deficient  in  available  phos- 
phates. 

(10)  The  application  of  lime  and  phosphates  to  soils  in  which  rootrots 
have  developed  in  destructive  proportions  has  been  decidedly  beneficial 
in  controlling  them.  The  use  of  limestone  alone  in  some  instances  proved 
harmful,  but  in  all  cases  studied  so  far  the  application  of  available  phos- 
phates produced  plants  which  were  better  and  more  resistant  to  the 
rootrots. 


822  Journal  of  Agricultural  Research         vol.  xxhi.No.  io 


LITERATURE    CITED 
i)  Abbott,  J.  B.,  Conner,  S.  D.,  and  SmallEy,  H.  R. 

1913.  THE  RECLAMATION  OF  AN  UNPRODUCTIVE  SOIL  OF  THE  KANKAKEE  MARSH 

REGION.      SOIL  ACIDITY,  NITRIFICATION,  AND  THE  TOXICITY  OF  SOLUBLE 

salts  of  aluminum.     Ind.    Agr.    Exp.   Sta.    Bul.    170,    p.   329-374, 

22   fig. 

2)  Adams,  J.  F.,  and  Russell,  A.  M. 

1920.  rhizopus  infection  OF  corn  on  THE  germinator.     In  Phytopathology, 

v.  10,  no.  12,  p.  534-543.  6  fig. 

3)  Bayliss,  William  Maddock. 

1915.  principles  of  general  physiology,     xx,   850  p.,   257   fig.     London, 

New  York,  etc.     Bibliography,  p.  735-816. 

4)  Cameron,  Frank  K.,  and  Bell,  James  M. 

1907.  the  action  of  water  and  aqueous  solutions  upon  soil  phosphates. 
U.  S.  Dept.  Agr.  Bur.  Soils  Bid.  41,  58  p.,  5  fig. 

5)  Conner,  S.  D. 

1916.  acid  soils  and  the  effect  of  acid  phosphate  and  other  fertilizers 

upon  them.     In  Jour.  Indus,  and  Engin.  Chem.,  v.  8,  no.  1,  p.  35-40. 

6)  

1918.    SOIL   ACIDITY   AS   AFFECTED   BY   MOISTURE   CONDITIONS   OF   THE   SOIL.      In 

Jour.  Agr.  Research,  v.  15,  no.  6,  p.  321-329.     Literature  cited,  p.  329. 

7)  

192 1.  LIMING    IN    ITS    RELATION    TO    INJURIOUS    INORGANIC    COMPOUNDS    IN    THE 

soil.     In  Jour.   Amer.  Soc.   Agron.,  v.   13,  no.  3,  p.   113-124,  fig.  2. 
Literature  cited,  p.  123-124. 

8)  DAIKUHARA;  G. 

1914.  UEBER   saurE   minEralbOden.     In   Bul.    Imp.   Cent.    Agr.    Exp.    Sta. 

Japan,  v.  2,  no.  1,  p.  1-40,  pi.  1. 

9)  GiLE,  P.  L.,  and  Carrero,  J.  O. 

1916.  immobility  OF  iron  in  the  plant.  In  Jour.  Agr.  Research,  v.  7,  no.  2, 
p.  83-87.     Literature  cited,  p.  87. 

10)  Hartwell,  Burt  L.,  and  Pember,  F.  R. 

1918.  THE  PRESENCE  OF  ALUMINUM  AS  A  REASON  FOR  THE  DIFFERENCE  IN  THE 
EFFECT   OF  SO-CALLED   ACID   SOIL  ON   BARLEY   AND   RYE.      In    Soil    Sci., 

v.  6,  no.  4,  p.  259-277,  1  pi.     References,  p.  276-277. 

11)  HOFFER,  G.  N. 

1920.  DISEASE-FREE  SWEET  CORN  SEED.  Ind.  Agr.  Exp.  Sta.  Bul.  233,  12  p., 
8  fig. 

12)  and  Holbert,  J.  R. 

1918.  SELECTION  OF  DISEASE-FREE  seed  corn.  Ind.  Agr.  Exp.  Sta.  Bul.  224, 
15  p.,  20  fig. 

13)  Holbert,  James  R.,  and  Hoffer,  George  N. 

1920.   CONTROL  OF  THE  ROOT,   STALK,   AND  EAR  ROT  DISEASES  OF  CORN.      U.  S. 

Dept.  Agr.  Farmers'  Bul.  1176,  24  p.,  25  fig. 

14)  Kratzmann,  Ernst. 

1913.  DER  MIKROCIIEMISCHE  NACHWEIS  UND  DIE  VERBREITUNG  DES  ALUM- 
INIUMS im  pflanz en reich.  In  Sitzber.  K.  Akad.  Wiss.,  Math. -Nat. 
Kl.,  Abt.  1,  Bd.  122,  Heft  2,  p.  311-336,  6  fig.  Literaturverzeichnis, 
p.  335-336. 

15)  Loew,  Oscar. 

1903.    THE   PHYSIOLOGICAL    R6LE    OF    MINERAL    NUTRIENTS    IN    PLANTS.      U.    S. 

Dept.  Agr.  Bur.  Plant  Indus.  Bul.  45,  70  p.     Bibliographical  footnotes. 

16)  Maze. 

191 1.  SUR  l'excretion  de  substances  minerales  et  organiques  par  les 
racines  et  les  stomates  aquiFERES.  In  Compt.  Rend.  Acad.  Sci. 
[Paris],  t.  152,  no.  8,  p.  452-456. 

17)  MazE,  P.  gg 

191 5.  DETERMINATION     DES     ELEMENTS     MINERAUX     RARES     NECESSAIRES     AU 

developpement  du  mais.     In  Compt.  Rend.  Acad.  Sci.  [Paris],  t.  160, 
no.  6,  p.  211-214. 

18)  Mirasol,  Jose  Jison. 

1920.    ALUMINIUM   AS   A   FACTOR   IN   SOIL   ACIDITY.      In   Soil    Sci.,    V.    IO,    no.    3, 

p.  153-218,  12  pi.     References,  p.  190-193. 

19)  Ruprecht,  R.  W. 

191 5.    TOXIC    EFFECT    OF   IRON    AND   ALUMINIUM   SALTS    ON   CLOVER    SEEDLINGS. 

In  Mass.  Agr.  Exp.  Sta.  Bul.  161,  p.  125-129,  1  pi. 


Mar.  io.  i9J3     Aluminum  and  Iron  Compounds  in  Corn  Plants  823 

(20)  Slipher,  J.  A. 

1921.  corn  responds  to  liming.     In  Agr.  Lime  News  Bui.,  v.  2,  no.  1,  p.  1,  4. 

(21)  Smith,  S.  B. 

1920.  summary  OF  yields  in  corn  root  rot  plot.  In  Ann.  Rpt.  Macon 
County  Farm  Bur.,  111.,  1920,  p.  5-7. 

(22)  Spurway,  C.  H. 

1917.  soil  acidity  and  hydrolytic  ratio  in  soils.     In  Jour  Agr.  Research, 

v.  11,  no.  12,  p.  650-672.     Literature  cited,  p.  672. 

(23)  

1919.   THE  EFFECT  OF  FERTILIZER  SALTS  TREATMENTS  ON  THE  COMPOSITION  OF 

soil  extracts.     Mich.  Agr.  Exp.  Sta.  Tech.  Bui.  45,  18  p.     Refer- 
ences, p.  17-18. 

(24)  Szucs,  Joseph. 

1913.  UBER  EINIGE  charakteristische  wirkungen  des  aluminiumions  auf 
das  protoplasma.  In  Jahrg.  Wiss.  Bot.  [Pringsheim],  Bd.  52,  Heft  3, 
p.  269-332,  4  fig.,  pi.  3. 

(25)  True,  Rodney  H.,  Black,  Otis  F.,  and  Kelly,  James  W. 

1918.  ASH    CONTENT    IN    NORMAL    AND    IN    BLIGHTED    SPINACH.      In    Jour    Agr. 

Research,  v.  15,  no.  7,  p.  37x~375- 


PLATE  i 

A. — Longitudinal  section  through  a  node  of  a  normal  stalk.  Most  of  the  bundles 
were  functioning,  as  is  indicated  by  their  staining  with  methylene  blue.  Very  few 
bundles  tested  for  iron  and  aluminum  in  zone  B. 

B. — Longitudinal  section  through  a  node  of  a  diseased  stalk.  Very  few  of  the 
bundles  were  functioning.  The  inactive  bundles  contained  large  accumulations  of 
iron  (red)  and  aluminum  in  the  zone  B  region.  This  is  characteristic  of  stalks  showing 
symptoms  of  rootrots. 
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PLATE  a 

A. — Base  of  a  normal  stalk  of  yellow  dent  grown  in  a  well-fertilized  soil. 
The  basal  tissues  are  free  from  discolorations  and  fungi.  The  soil  showed  no  avail- 
able aluminum  salts  when  tested. 

B. — Stalk  of  yellow  dent  in  which  there  are  large  accumulations  of  aluminum 
and  iron  compounds.  The  roots  are  rotted  and  the  basal  tissues  invaded  by  fungi 
and  bacteria.  This  plant  was  taken  from  a  soil  notably  deficient  in  available  phos- 
phate but  containing  available  iron  and  aluminum  salts. 

27135—23 5 


PLATE  3 

A. — The  nodal  tissues  can  be  classified  into  two  zones,  zone  A,  the  growing  region, 
and  zone  B,  the  vascular  plate  region.  Iron  and  aluminum  compounds  concentrate 
in  certain  tissues  in  zone  B. 

B. — Copper  sulphate  in  iV/ioo  concentration  caused  injuries  to  the  tissues  in  both 
zone  A  and  zone  B  when  injected  into  the  plants.  Copper,  aluminum,  and  iron 
salts  produce  similar  effects  upon  these  tissues  in  different  intensities. 
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PLATE  4 

A. — A  field  of  Johnson  County  White  Dent  in  Sullivan  County,  Ind.,  in  1919. 
The  soil  was  acid  and  had  a  high  available  aluminum  and  iron  content.  Three  tons 
of  ground  limestone  applied  in  1920  corrected  this  condition,  and  the  plants  in  the 
treated  areas  grew  better  and  were  more  resistant  to  the  rootrots. 

B. — A  field  of  Country  Gentleman  Sweetcorn  in  Shelby  County,  Ind.,  in  1919. 
The  plants  in  the  foreground  showed  abundant  rootrot  at  this  stage  of  development. 
In  the  background  in  a  heavier  soil  the  plants  were  in  tassel  and  were  markedly  less 
affected.  The  soil  when  tested  showed  large  quantities  of  available  aluminum  and 
iron  salts.  It  was  deficient  in  lime  and  available  phosphates.  This  type  of  soil  was 
used  in  the  pot  cultures  shown  in  Plate  14,  A. 


PLATE  s 

A. — Basal  tissues  of  a  stalk  taken  from  the  field  shown  in  Plate  1 5 ,  A.  The  darkened 
areas  are  the  vascular  plate  tissues,  zone  B,  in  which  the  iron  and  aluminum  salts 
accumulate. 

B. — A  later  stage,  showing  the  basal  nodal  tissues  containing  heavy  deposits  of 
the  aluminum  and  iron  compounds.  The  nodal  tissues  are  disintegrated  and  most 
of  the  roots  have  completely  rotted. 

C. — Transverse  section  through  kernels  on  an  ear  of  Stowell  Evergreen  Sweetcorn. 
The  kernels  when  tested  showed  the  presence  of  large  quantities  of  organic  iron  com- 
pounds.    Different  ears  show  variable  amounts  of  iron  in  them. 
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PLATE  6 

A. — An  ear  of  Reid  's  Yellow  Dent  which  is  in  the  dough  stage  of  development 
and  is  carried  on  a  broken  shank.  The  nodal  tissues  contained  large  accumulations 
of  aluminum  and  iron  salts,  and  the  ear-node  tissues  were  disintegrated.  Organisms 
could  not  be  found  in  the  internodal  tissues,  but  local  nodal  infections  at  this  stage 
of  development  of  the  plant  had  already  occurred. 

B. — A  close-up  of  the  ear-node  tissues.  Note  the  disintegration  of  the  tissues. 
These  weakened  tissues  afford  favorable  places  for  growth  of  many  kinds  of  organisms. 


PLATE  7 

Views  of  portions  of  a  diseased  corn  plant,  showing  effect  of  accumulations  of  alumi- 
num and  iron. 

A. — A  barren  stalk  which  grew  in  a  hill  adjacent  to  the  normal  stalk  shown  in 
Plate  8,  A.  The  stalk  was  stripped  of  its  leaves  while  in  the  field  and  then  cut  longi- 
tudinally to  be  tested  for  the  distribution  of  the  aluminum  and  iron  compounds. 

B. — The  basal  tissues  reacted  strongly  for  aluminum  and  iron  compounds.  The 
tissues  were  dry  and  badly  disintegrated. 

C. — The  largest  accumulations  of  aluminum  and  iron  compounds  are  in  the  lowest 
nodal  plates.  This  condition  and  that  shown  in  B  are  characteristic  of  many  stalks 
which  become  rootrotted  by  the  latter  part  of  the  growing  season. 
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PLATE  8 

Apparently  healthy  corn  plant  which  reacted  for  aluminum  and  iron. 

A. — This  plant  was  a  normal  growing  stalk  of  Reid  Yellow  Dent.  The  leaves 
and  the  portion  of  the  stalk  above  the  ear  were  trimmed  off  in  the  field.  The  stalk 
was  sectioned  longitudinally  in  the  laboratory  and  tested  for  aluminum  and  iron 
compounds. 

B. — Basal  tissues  of  the  stalk  shown  in  A.  The  vascular  bundles  which  are  dark 
gave  reaction  for  aluminum  and  iron.  Note  the  lowest  roots  to  the  left.  They  were 
not  functioning  even  though  in  moist  soil.  No  rot  lesions  were  found  on  these  roots. 
This  picture  was  made  on  the  same  scale  as  Plate  7,  B. 


PLATE  9 

Londitudinal  sections  through  the  nodes  of  healthy  corn  plants. 

These  nodes  were  cut  from  the  normal  stalk  shown  in  Plate  8,  A.  The  tissues  were 
tested  for  the  presence  of  aluminum  and  iron  compounds.  Note  the  uniform  distri- 
bution of  the  metals  in  the  nodes  throughout  the  stalk.  This  uniform  distribution 
is  characteristic  of  normal  growing  plants. 
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PLATE  10 

A. — Section  through  the  ear  node  of  a  normal  appearing  stalk  of  Reid  Yellow 
Dent.    Note  that  the  nodal  tissues  show  no  disintegration. 

B. — Section  through  an  ear  node  of  a  stalk  of  Reid  Yellow  Dent,  showing  the 
disintegration  of  the  nodal  tissues  due  to  the  effects  of  aluminum  and  iron  compounds. 
Fungi,  especially  Gibberella  saubinetii,  are  very  frequently  isolated  from  these  tissues, 
but  not  constantly.  Diplodia  zeae  also  has  been  found  in  stalks  in  certain  fields. 
This  nodal  condition,  however,  has  not  been  found  to  be  associated  with  any  specific 
organism. 


PLATE   ii 

A. — Effect  of  aluminum  nitrate  upon  the  vascular  plate  tissue  in  an  injected  stalk. 
An  equivalent  of  9  mgm.  of  aluminum  caused  this  injury.  The  first  effect  was  a 
browning  of  the  tissues,  which  was  followed  by  complete  disintegration. 

B. — The  leaf  showed  first  a  slight  yellowing  of  the  intervascular  tissues,  giving  the 
appearance  of  yellow  streaks,  then  a  water-soaked  appearance,  and  finally  necrosis. 
The  last  effect  is  shown  here. 
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PLATE  12 

A.— This  picture  shows  individual  plant  differences  in  resistance  to  the  rootrots. 
The  variety  is  Johnson  County  White  Dent.  Note  the  scattered,  apparently 
normal  stalks.  The  soil  is  typical  of  many  of  the  average  acid  soils  in  Indiana.  All 
gradations  in  growth  of  the  stalks  were  found  in  this  field;  the  poorer,  stunted  stalks 
are  believed  to  have  grown  from  infected  seed.  The  largest  differences  in  growth 
and  yield  between  plants  grown  from  infected  and  disease-free  seed  seem  to  occur 
in  soils  lacking  in  some  essential  nutrient  or  in  which  the  aluminum  and  iron  compounds 
occur  in  large  available  proportions. 

B.— The  method  used  to  introduce  chemical  solutions  into  the  plants.  The  stalks 
were  first  punctured  with  a  sharp  cork  borer,  and  the  calcium-chlorid  tubes  were 
inserted  tightly.  Measured  quantities  of  the  solutions  were  placed  in  the  tubes  for 
absorption. 


PLATE  13 

A. — The  effect  of  rootrot  in  a  field  of  Johnson  County  White  Dent  in  Shelby 
County,  Ind.,  in  1918.  The  stalks  grew  to  good  size  but  fell  over  before  husking 
time.  The  soil  contains  considerable  organic  matter  but  was  deficient  in  lime  and 
available  phosphates.     (Photograph  by  R.  G.  East.) 

B. — A  field  of  Stowell  Evergreen  Sweetcorn  affected  by  rootrot  at  Hoopeston, 
111.,  in  1919.  Many  stalks  were  barren  and  others  had  fallen  over.  The  soil  was 
black  loam,  high  in  organic  matter  but  deficient  in  available  phosphates. 
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PLATE  14 

A. — Pot  tests  of  the  soil  from  the  field  shown  in  Plate  4,  B,  in  Shelby  County,  Ind. 
Ground  limestone  at  the  rate  of  3  tons,  acid  phosphate  at  the  rate  of  500  pounds,  lime- 
stone and  acid  phosphate  at  rates  of  3  tons  and  500  pounds,  respectively,  and  aluminum 
chlorid  at  the  rate  of  500  pounds  per  acre  were  the  soil  treatments.  Note  the  beneficial 
effects  of  limestone  and  of  acid  phosphate.  Fusarium  moniliforme  was  isolated  from 
lesions  on  the  roots  of  plants  in  each  of  the  pots. 

B. — Soil  from  a  field  in  Hancock  County  in  which  the  corn  was  badly  rootrotted 
in  1920.  Note  that  limestone  had  no  effect  while  acid  phosphate  was  beneficial. 
These  plants  also  showed  rot  lesions  on  the  roots.  The  aluminum  treatments  cause 
the  plants  to  become  very  susceptible  to  the  rots. 
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PLATE  15 

A. — The  control  plot  in  the  experimental  field  of  Reid  Yellow  Dent  at  Linden,  Ind. , 
in  1920.     In  1919,  rootrot  was  very  severe  in  this  field.      Note  the  stunted', "growth. 

B. — This  plot  received  an  application  of  acid  phosphate  at  the  rate  of  300  pounds 
per  acre  and  limestone  at  the  rate  of  3  tons  per  acre.  Limestone  applied  alone  at 
the  rate  of  3  tons  per  acre  caused  injury  to  the  plants  in  the  limestone  plot.  Pictures 
A  and  B  were  taken  on  the  same  day. 
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PLATE  16 

A. — Two  stalks  of  Reid  Yellow  Dent  growing  in  the  same  hill.  The  stalk  to 
the  right  showed  large  accumulations  of  aluminum  and  iron  compounds  in  the 
nodal  tissues,  also  a  yellow-streaked,  wilted,  and  dry  condition  of  the  leaves.  The 
stalk  died  prematurely.  The  one  to  the  left  apparently  was  in  normal  condition. 
The  growing  conditions  had  been  the  same  for  both  stalks.  This  capacity  to  absorb 
available  metal  salts  more  rapidly  by  some  stalks  than  others  seems  to  be  an  inherited 
tendency  and  becomes  manifest  when  the  plants  grow  in  certain  soils. 

B. — These  ears  were  borne  on  shanks  which  broke  over  prematurely.  The  ears 
are  starchy,  and  in  this  condition  they  become  infected  by  various  organisms,  the 
most  common  of  which  are  Fusarium  moniliforme  and  Gibberella  saubinetii.  They 
are  thus  rendered  unfit  for  use  as  seed.  These  troubles  are  most  prevalent  under 
conditions  of  low  available  phosphates  in  the  soil,  or  when  too  late-maturing  strains 
of  corn  are  planted. 


PLATE  17 

Corn  plants  showing  effect  of  presence  or  absence  of  available  iron  and  aluminum 

and  value  of  lime  as  a  corrective. 

A. — Two  plants  of  Reid  Yellow  Dent  grown  from  kernels  from  the  same  ear.  All 
the  plants  at  one  end  of  the  row  were  stunted.  Here  the  soil  gave  a  test  for  available 
iron  and  aluminum  and  indicated  a  lime  requirement  of  1,100  pounds.  The  soil  at  the 
other  end  of  the  ear  row  gave  no  test  for  available  aluminum  and  had  an  excess  lime 
content  of  200  pounds  per  acre. 

B. — Two  plants  from  a  row  of  Country  Gentleman  Sweetcorn  grown  close  to  the  row 
of  Reid  Yellow  Dent  shown  in  A.  Note  the  greater  effect  of  the  available  aluminum 
and  iron  salts  upon  the  sweetcorn  plant  than  upon  the  dent  plant. 
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PLATE  18 
Corn  plants  showing  effect  of  various  chemical  compounds  on  nodal  tissues. 

A. — Effect  of  30  cc.  of  iron  citrate  in  1  per  cent  solution  upon  the  nodal  tissues. 
The  vascular  plate  tissues  are  darkened,  and  the  leaves  are  wilted  and  killed.  The 
plant  responded  in  this  manner  in  three  days. 

B. — Ferrous  sulphate  in  %  per  cent  solution  is  very  toxic.  The  vascular  plate  tissues 
are  disintegrated  very  rapidly.  The  leaves  wilt  and  the  plant  turns  dark  brownish 
green  in  color. 

C. — Iron  nitrate  and  (D)  iron  chlorid  in  1  per  cent  solutions  do  not  affect  the  tissues 
so  severely  as  the  other  iron  salts.  The  tissues  were  not  blackened  and  the  accumula- 
tions became  apparent  only  upon  testing  the  tissues  with  a  solution  of  acid  thiocyanate 
of  potash. 

27135—23 6 


PLATE  19 

Different  parts  of  a  field  showing  effect  of  iron  and  aluminum  on  corn  plants 

in  soil  deficient  in  lime. 

A. — Field  6  miles  north  of  LaFayette,  Ind.  Note  the  wide  range  of  difference  in  the 
growth  of  the  plants  in  the  foreground  compared  with  those  beyond.  The  soil  in  the 
foreground  gave  no  reaction  for  available  aluminum  and  iron  salts.  The  soil  in  the 
poorer  parts  of  the  field  showed  available  aluminum  salts  and  a  lime  requirement  of 
900  pounds  per  acre. 

B. — Part  of  the  field  in  A  where  abundant  blighting  of  the  plants  occurred.  Note 
the  markedly  reduced  stand  and  weak  plants.  Seedling-blight  is  very  prevalent  under 
such  soil  conditions. 
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PLATE  20 

A. — Longitudinal  section  through  a  node  of  a  stalk  showing  symptoms  of  rootrots. 
The  darkened  vascular  bundles  are  stained  by  a  dilute  solution  of  methylene  blue 
which  was  absorbed  by  the  plant.  Compare  the  number  of  bundles  which  are  func- 
tioning with  the  number  shown  in  Plate  21.  The  nonfunctioning  bundles  have  the 
largest  accumulations  of  iron  and  aluminum  in  the  zone  B  region. 

B,  C. — Relative  numbers  of  functioning  vascular  bundles  in  transverse  sections  of 
diseased  stalks.     B  shows  the  internode  section  and  C  a  section  through  zone  A. 


PLATE  21 

The  picture  in  A  shows  a  longitudinal  section  through  the  node  of  a  normal  stalk. 
The  dark  bundles  were  stained  by  a  dilute  solution  of  methylene  blue  which  was 
absorbed  by  the  plant.  The  bundles  were  practically  all  functioning,  as  is  observed 
in  the  transverse  sections  through  the  stalk  shown  in  B.  The  same  treatment  was 
given  to  this  stalk  as  to  those  shown  in  Plate  20. 
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PRODUCTION  OF  A  GROWTH-PROMOTING  SUBSTANCE 

BY  AZOTOBACTER l 

By  O.  W.  Hunter 
Associate  Bacteriologist,  Kansas  Agricultural  Experiment  Station 

It  is  maintained  by  many  investigators  that  the  animal  cell  is  incapable 
of  synthesizing  vitamines  and  that  such  cells  are  thus  required  to  obtain 
their  food  accessories  from  the  vegetable  kingdom.  If  this  is  true,  it  can 
logically  be  asked,  do  plants  need  such  growth  promoting  factors?  If 
so,  do  they  synthesize  them  or  from  what  source  are  they  obtained  ? 

Bottomley's  (2)  2  experiments  on  peat  led  him  to  state  that  the  growth 
of  plants  require  food  accessories  or  auximones.  He  grew  aerobic  soil 
organisms  in  peat  for  several  days.  This  was  then  sterilized,  inoculated 
with  Azotobacter  and  incubated.  As  a  result  there  were  produced  in  the 
peat  substances  which  greatly  stimulated  plant  growth.  Similar  results 
were  obtained  by  Mockenridge  (4)  and  Jones  (j). 

The  application  of  the  vitamine  theory  to  microbial  nutrition  is  now 
prevalent.  While  there  has  been  a  large  amount  of  attention  focused 
upon  the  need  of  food  accessory  factors  for  the  normal  growth  of  micro- 
organisms, but  little  thought  has  been  placed  upon  the  vitamine  content 
of  microorganisms  or  their  ability  to  synthesize  such,  regardless  of  the 
fact  that  one  of  the  most  abundant  known  supplies  of  the  so-called 
water-soluble  B  vitamine  is  found  in  a  one-celled  organism,  the  yeast. 
This  vitamine  content  of  yeast  was  first  reported  by  Funk  (z). 

Pacini  and  Russell  (5),  from  their  experiments  concluded  that  Bacillus 
typhosus  Fberth-Gaffky  can  manufacture  vitamines  and  can  likewise 
stimulate  growth  of  the  animal  cell.  They  grew  B.  typhosus  in  a  syn- 
thetic medium,  the  bacterial  cells  from  which  were  collected  and  ex- 
tracted with  alcohol.  The  alcoholic  extract  was  evaporated  down  to 
dryness  and  the  residue  dissolved  in  water.  This  extract  was  used  in 
their  feeding  experiments  on  white  rats. 

Recently  much  attention  has  been  directed  toward  the  use  of  yeast  for 
the  quantitative  measurement  of  the  vitamine  content  of  test  substances, 
the  principle  of  which  is  dependent  upon  the  assumption  that  the  yeast 
needs  a  food  accessory  factor  for  its  growth  in  an  inorganic  synthetic 
medium.  This  accessory  factor  is  considered  identical  with  the  water- 
soluble  B  vitamine. 

Experiments  to  determine  the  reliability  of  the  test  appear  to  have 
brought  forth  some  interesting  facts.  This  dependence  of  yeasts  upon 
the  antincuritic  vitamine  is  doubted  by  MacDonald  and  McCullom  (7). 

1  Accepted  for  publication  Jan.  10,  19?.?.     Contribution  No.  39  from  the  bacteriological  laboratories  of  the 
Kansas  Agricultural  Experiment  Station,  reporting  in  part  the  results  of  project  No.  138. 

2  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  831. 
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They  cultivated  yeast  in  a  synthetic  medium  containing  no  possible  source 
of  vitamine  and  obtained  a  good  growth.  They  concluded  that  the  yeast 
must  either  synthesize  its  own  vitamine  or  grow  without  such  "bios." 
Nelson,  Fulmer,  and  Cessna  (6)  likewise  grew  yeast  in  a  synthetic  medium 
and  concluded  that  yeast  could  synthesize  its  own  vitamine. 

The  controversy  over  the  vitamine  needs  of  yeast  stimulated  the 
author's  interest  in  the  Azotobacter  cell.  The  ability  of  this  organism  to 
grow  rapidly  and  vigorously  in  a  synthetic  medium  containing  no  nitro- 
gen is  familiar.  Such  a  medium  contains  no  possible  source  of  vita- 
mines,  if  care  is  exercised  in  its  preparation.  Media  thus  prepared  in 
this  laboratory  have  always  afforded  a  vigorous  growth  of  Azotobacter 
when  placed  under  favorable  conditions  for  growth.  It  is  assumed,  there- 
fore, that  the  Azotobacter  organism  is  not  dependent  upon  such  growth- 
promoting  factors  for  development  or  that  it  is  capable  of  synthesizing 
vitamines  for  its  needs. 

Under  these  conditions  it  would  be  of  interest  to  learn  whether  this 
growth  resulting  from  Azotobacter  development  contained  any  vitamines. 
Their  presence  would  thus  indicate  the  ability  of  Azotobacter  to  synthe- 
size growth  promoting  substances. 

Preliminary  feeding  experiments  on  white  rats,  with  a  diet  in  which  the 
water-soluble  B  vitamine  was  replaced  by  dried  Azotobacter  cells,  revealed 
the  possible  presence  of  a  growth  promoting  substance.  In  this  experi- 
ment the  Azotobacter  was  grown  on  dextrose  Ashby  agar  placed  in  large 
wooden  trays  to  give  a  large  surface  exposure.  The  growth  was  scraped 
from  the  surface  of  the  agar  after  two  days'  incubation  at  300  C.  and  air 
dried. 

Three  white  rats  were  fed  on  the  following  diet : 

Per  cent. 

Starch 58 

Casein 

Lard 

Butter 

Ash • 

Agar 

Azotobacter 

The  beneficial  effects  of  the  feed  are  shown  in  figure  1 : 
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Fig.  1. — Average  gain  for  three  rats  fed  Azotobacter.    Control  rats  died. 

Three  rats  fed  on  the  same  diet  minus  the  Azotobactor  failed  to  gain 
in  weight,  developed  the  characteristic  sore  eyes,  and  soon  died. 

These  results  indicated  the  possibility  of  the  presence  of  a  food  accessory 
f  actor  for  rats  fed  on  a  diet  deficient  in  water-soluble  B.     However,  needed 
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improvement  in  the  medium  used  and  in  the  method  of  cultivation  were 
desired  for  further  investigation.  This  was  accomplished  by  devising  a 
means  for  cultivating  the  Azotobacter  rapidly  in  a  large  volume  of  liquid 
culture  medium. 

A  description  of  the  method  of  procedure  and  experimental  data 
follows. 

MEDIUM 

To  insure  the  absence  of  any  known  food  accessory  compound, 
chemically  pure  chemicals  were  employed  in  the  preparation  of  the 
synthetic  medium.  All  media  were  made  up  with  a  reaction  of  PH  7.0 
to  7.4  and  were  thoroughly  sterilized  at  20  pounds  pressure  for  30 
minutes. 

The  composition  of  the  medium  was  as  follows : 

Distilled  water 1,  000.  00  cc. 

Potassium  acid  phosphate .50  gm . 

Magnesium  sulphate .20  gm. 

Sodium  chlorid .20  gm. 

Dextrose 10.  00  gm. 

STARTERS 

Starters  of  pure  Azotobacter  cultures  were  made  by  inoculating  flasks 
containing  about  300  cc.  of  the  dextrose  media  with  a  portion  of  the 
emulsion  from  a  young  dextrose  Ashby  slant  culture.  This  was  thor- 
oughly aerated  for  two  days  at  a  temperature  of  300  C.  Several  strains 
of  Azotobacter  cultures  have  been  used  in  these  experiments.  All 
cultures  were  isolated  in  this  laboratory  from  different  samples  of  soil. 
No  attempt  has  been  made  to  differentiate  the  cultures  as  to  species. 
Pigment  production  was  common  in  all  cultures  used. 

It  was  aimed  to  use  only  pure  cultures  of  Azotobacter,  and  repeated 
streakings  upon  dextrose  Ashby  agar  plates  were  made  to  insure  freedom 
from  contamination. '  Frequent  morphological  examinations  were  made 
to  insure  purity  of  the  culutres. 

METHOD  OF  CULTIVATION 

A  rapid  multiplication  of  Azotobacter  cells  was  encouraged  by  vigorous 
aeration  of  the  liquid  cultures.  Bottles  containing  2,000  cc.  of  sterile 
media  were  inoculated  with  10  to  20  cc.  of  the  Azotobacter  starter.  These 
were  placed  in  the  incubator,  temperature  of  300  C,  and  aerated  by  bub- 
bling air  vigorously  and  continually  through  the  medium.  The  air  was 
passed  through  the  cultures  by  attaching  the  bottle  equipped  with 
Folin's  aerating  tubes  to  a  vacuum  system.  Contamination  and  evapo- 
ration of  the  cultures  were  reduced  to  a  minimum  by  filtering  the  air, 
first  through  a  sterile  cotton  filter  and  then  by  washing  in  two  or  three 
flasks  of  sterile  water.  The  air  was  thus  filtered  through  cotton  and 
rinsed  in  water  before  entering  the  culture  media.  From  12  to  24  of 
these  bottles  were  aerated  at  the  same  time.  A  vigorous  growth  was 
produced  within  two  to  four  days.  If  the  culture  is  pure  and  no  con- 
tamination occurs,  the  reaction  of  the  media  should  remain  close  to  the 
reaction  of  the  media  before  inoculation. 

It  is  not  believed  that  the  inoculum  supplies  accessory  food  factors  for 
stimulating  the  growth  of  Azotobacter  (in  this  synthetic  medium). 
Ten  flasks  containing  200  cc.  of  the  media  were  inoculated,  respectively, 
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in  duplicate  with  2  cc,  1  cc,  0.5  cc,  o.  1  cc,  and  0.0 1  cc.  of  a  young 
starter.  All  cultures  were  aerated  at  300  C.  for  four  days.  Sugar 
determinations  were  made  at  the  end  of  two  and  four  days.  All  cultures 
exhibited  a  heavy  growth  within  two  days.  The  sugar  analysis  at  this 
time  showed  the  flasks  to  contain  the  following  amounts  of  dextrose : 

Gm  dextrose 
per  100  ee. 

Flasks  with  2  cc.  inoculum o.  60 

Flasks  with  1  cc.  inoculum 53 

Flasks  with  0.5  cc.  inoculum 60 

Flasks  with  0.1  cc.  inoculum 48 

Flasks  with  0.01  cc.  inoculum 33 

The  cultures  gave  only  a  trace  of  dextrose  at  the  end  of  four  days' 
incubation.  The  growth  at  this  period  was  more  vigorous  in  all  cultures 
than  the  preceding  one.  It  does  not  appear  from  these  results  that  the 
growth  of  Azotobacter  in  such  a  synthetic  medium  could  be  attributed  to 
stimulating  factors  carried  over  with  the  inoculum.  The  Azotobacter 
growth  in  the  following  experiments  was  collected  by  centrifuging  the 
liquid  culture  in  a  Sharpies  Laboratory  Super-Centrifuge.  The  residue 
was  recovered  and  air  dried. 

FEEDING   EXPERIMENTS  UPON  WHITE  RATS 

The  presence  of  a  growth-promoting  substance  in  this  dried  Azoto- 
bacter was  tested  upon  white  rats.  The  dried  Azotobacter  was  added 
to  a  diet  deficient  in  water-soluble  B  vitamine.  The  composition  of  the 
feed  used  was  as  follows : 

Per  cent. 

Starch 58 

Extracted  casein 10 

Tankage 10 

Ash 3 

Agar 2 

Butter 10 

Lard 5 

Azotobacter 2 

On  April  28  six  white  rats  were  placed  in  individual  pens  and  fed 
until  May  24  on  a  regular  stock  food.  Upon  this  date  three  of  the  rats 
were  placed  upon  the  experimental  feed  and  three  upon  the  same  feed, 
except  that  Fleischmann's  yeast  was  substituted  for  the  Azotobacter. 

The  stimulating  effect  of  each  test  substance  is  demonstrated  by  the 
curves  in  figure  2,  plotted  from  the  data  obtained.  It  will  be  observed 
that  during  the  intervals  between  the  second  and  fourth  weeks  but  little 
gain  was  recorded.  This  is  attributed  to  the  ash  content  of  the  feed. 
A  new  portion  of  feed  containing  new  ash  was  prepared  at  this  time. 
The  rats  fed  on  the  Azotobacter  feed  show  a  greater  comparative  growth 
than  the  rats  fed  on  the  yeast  diet.  The  average  weights  of  the  three  rats 
fed  on  the  Azotobacter  feed  is  compared  with  the  average  weights  of  the 
three  fed  on  the  yeast  food  by  the  curves  plotted  in  figure  2.  The  results 
from  this  experiment  indicate  that  Azotobacter  is  fully  as  good  as  baker's 
yeast,  if  not  better,  as  a  growth-promoting  substance  for  white  rats  fed 
on  a  diet  deficient  in  water-soluble  B. 
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EXPERIMENTS  WITH  PIGEONS 

The  curative  effect  of  Azotobacter  upon  pigeons  affected  with  poly- 
neuritis was  noted.  A  pen  of  pigeons  was  started  on  a  feed  of  polished 
rice  and  water  July   14.     When  pronounced  symptoms  of  polyneuritis 
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Fig.  2. — Influence  of  Azotobacter  and  yeast  upon  the  growth  of  rats. 


were  observed,  the  sick  pigeon  was  fed  by  hand,  portions  of  the  dried 
Azotobacter.  The  treated  birds  were  left  on  the  rice  diet  throughout 
the  experiment.     The  record  of  observation  follows: 

Pigeon  3743  showed  symptoms  of  polyneuritis  on  July  25.     It  grew 
daily  worse  and  upon  July  28  was  exceedingly  lame  and  unable  to  stand 
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on  its  feet.  Upon  this  date  it  received  1  gm.  of  Azotobacter  and  on  the 
following  day  it  was  up  on  its  feet  but  still  lame.  On  July  31  it  was  fed 
another  gram.  Its  recovery  was  practically  complete,  with  the  excep- 
tion of  a  slight  lameness  in  one  leg.  Symptoms  of  polyneuritis  were 
again  evident  on  August  6,  by  lameness  and  inability  to  stand  on  its  feet. 
It  was  fed  1  gm.  of  Azotobacter  in  the  morning  of  this  date.  Marked 
improvement  was  shown  by  evening,  and  the  next  morning  it  was  up  on 
its  feet  feeding  about  the  pen.  On  August  8  the  pigeon  appeared  in 
normal  health,  with  the  exception  of  a  slight  lameness  in  one  leg.  The 
experiment  was  discontinued  on  this  date  and  no  further  observations 
were  made. 

Very  pronounced  symptoms  of  polyneuritis  appeared  in  pigeon  3742 
on  July  4.  It  was  given  on  this  date  1  gm.  of  Azotobacter.  The  next 
day  it  was  on  its  feet  and  was  given  0.5  gm.  Its  recovery  was  seemingly 
complete.  On  July  14  it  again  developed  "limberneck"  and  leg  weak- 
ness and  died  that  night.     This  time  it  received  no  Azotobacter. 

Pigeon  3740  developed  very  pronounced  symptoms  of  polyneuritis  on 
July  27  in  the  form  of  "limberneck"  and  inabilit)^  to  stand  or  walk. 
One  gram  of  Azotobacter  was  given  it  on  this  date.  Much  improvement 
was  noted  the  following  day.  On  July  29  it  received  another  gram  and 
the  following  day  0.5  gm.  Marked  improvement  followed,  and  to  all 
outward  appearances  recovery  was  complete.  It  developed  leg  weakness 
but  no  "limberneck"  the  morning  of  August  6.  At  this  time  it  received 
another  gram  of  Azotobacter,  and  this  dose  was  repeated  again  in  the 
evening.  The  following  morning  it  was  up  and  feeding  about  the  pen. 
No  further  observations  were  made,  as  the  experiment  was  discontinued. 

Pigeon  3741  developed  typical  polyneuritis  July  25,  exhibiting  the 
characteristic  "limberneck"  and  leg  weakness.  It  was  given  on  July 
27,  1  gm.  of  Azotobacter.  Improvement  was  noted  the  following  day. 
It  was  fed  another  gram  on  July  29,  although  its  improvement  was 
marked,  and  on  July  30  it  received  0.5  gm.  To  all  general  appearances 
it  was  normal  the  next  day. 

That  Azotobacter  exerts  a  pronounced  curative  effect  upon  pigeons 
affected  with  polyneuritis  seems  conclusive. 

CONCLUSIONS 

(1)  If  a  growth-promoting  substance  is  a  requirement  for  Azotobacter 
development,  it  is  capable  of  manufacturing  such. 

(2)  The  Azotobacter  can  synthesize  a  food  accessory  factor  similar  to 
water-soluble  B. 

(3)  This  food  accessory  factor  stimulated  a  greater  net  gain  in  white 
rats  than  did  baker's  yeast. 

(4)  Azotobacter  exerts  a  pronounced  curative  effect  upon  pigeons 
affected  with  polyneuritis. 


Mar.  io.  i923        Growth-Promoting  Substance  by  Azotobacter  831 

LITERATURE  CITED 

(1)  Funk,  Casimir. 

1912.   THE  PREPARATION  FROM   YEAST  AND  CERTAIN  FOODSTUFFS   OF  THE   SUB- 
STANCE,  THE   DEFICIENCY  OF  WHICH  IN  DIET  OCCASIONS  POLYNEURITIS 

in  birds.     In  Jour.   Physiol.,   v.  45,  no.  1/2,  p.  75-81.     References, 
p.  81. 

(2)  BOTTOMLEY,    W.    B. 

1914.   SOME  ACCESSORY  FACTORS  IN  PLANT  GROWTH  AND  NUTRITION.      In  ProC. 

Roy.  Soc.  [London],  ser.  B,  v.  88,  no.  B602,  p.  237-247. 

(3)  Jones,  Dan  H. 

1917.    EXPERIMENTS    IN    THE    BACTERIZATION    OF    PEAT    FOR     SOIL    FERTILIZING 

purposes.     (Abstract.)     In  Abstracts  Bact.,  v.  i,  no.  1,  p.  43. 

(4)  MockeridgE,  Florence  A. 

191 7.  SOME  EFFECTS  OF  ORGANIC  GROWTH-PROMOTING  SUBSTANCES  (AUXIMONES) 

ON    THE    SOIL    ORGANISMS    CONCERNED    IN     THE    NITROGEN    CYCLE.      In 

Proc.  Roy.  Soc.  [London],  ser.  B,  v.  89,  no.  B621,  p.  508-532. 

(5)  Pacini,  August  J.  P.,  and  Russell,  Dorothy  Wright. 

1918.  THE    PRESENCE    OF    A    GROWTH-PRODUCING     SUBSTANCE   IN   CULTURES    OF 

Typhoid  bacilli.     In  Jour.  Biol.  Chem.,  v.  34,  no.  1,  p.  43-49,  4  fig. 

(6)  Nelson,  V.  E.,  Fulmer,  Ellis  I.,  and  Cessna,  Ruth. 

192 1.    THE    NUTRITIONAL    REQUIREMENTS    OF     YEAST.      III.    THE    SYNTHESIS    OF 

water-soluble  B.  by  yEasT.     In  Jour.  Biol.  Chem.,  v.  46,  no.  1,  p. 
77-81.     Bibliography,  p.  81. 

(7)  MacDonald,  Margaret  B.,  and  McCollum,  E.  V. 

192 1.    THE  CULTIVATION  OF  YEASTS  IN  SOLUTIONS  OF  PURIFIED  NUTRIENTS.      In 

Jour.  Biol.  Chem.,  v.  45,  no.  2,  p.  307-311.     Bibliography,  p.  311. 


SCLEROTINIA    CARUNCULOIDES,    THE    CAUSE    OF    A 
SERIOUS  DISEASE  OF  THE  MULBERRY  (MORUS  ALBA)1 

By  Eugene  A.  Siegler,  Assistant  Pathologist,  Office  of  Fruit-Disease  Investigations 
and  Anna  E.  Jenkins,  Assistant  Mycologist,  Office  of  Pathological  Collections, 
Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture 

In  1903,  Orton  2  described  a  disease  of  the  mulberry  characterized  by 
the  "peculiarly  enlarged  portions  of  the  aggregated  fruit."  The  disease 
was  said  to  occur  in  Georgia,  Alabama,  and  Mississippi.  Dr.  M.  B.  Waite, 
Pathologist  in  Charge,  Office  of  Fruit  Disease  Investigations,  Bureau  of 
Plant  Industry,  states  that  specimens  of  mulberry  fruits  showing  this 
condition  have  been  received  from  various  southern  States  by  the  United 
States  Department  of  Agriculture  a  number  of  times  during  the  past  20 
years.  Taubenhaus  3  reports  the  occurrence  of  this  disease  in  Texas, 
where  it  is  known  under  the  name  of  "popcorn"  disease  of  mulberry. 

In  July,  1920,  specimens  of  diseased  mulberry  fruits  (Moms  alba  L-) 
were  received  from  Scranton,  S.  C.  Specimens  of  this  material  show  the 
greatly  enlarged  condition  of  the  ovary  (Pi.  i,  A),  and  the  calyx  lobes  are 
small  and  nonsucculent  instead  of  being  fleshy  as  in  the  normal  fruits. 
Upon  microscopical  examination  the  ovaries  are  found  to  be  entirely  filled 
with  mycelium  and  all  traces  of  host  tissue  are  lost.  The  hyphae 
are  compact,  producing  a  typical  sclerotium,  and  preventing  the 
formation  or  further  development  of  drupelets.  A  layer  of  sporogenous 
hyphae  completely  envelops  this  sclerotium  and  produces  small  hyaline 
spores  in  a  compact  palisade  within  the  ovary  wall  (PI.  1 ,  B) .  The  spores, 
presumably  microconidia,  are  often  exuded  in  immense  numbers  and 
collect  in  what  resembles  a  waxy  mass  on  the  outside  of  the  ovary 
wall  (PI.  1,  C,  a) .  It  is  interesting  to  note  the  occurrence  of  microconidia 
on  the  diseased  fruit,  as  no  reference  to  microconidia  of  species  of  Sclero- 
tinia  occurring  other  than  on  culture  media  has  been  found  in  the  liter- 
ature.    This  disease  undoubtedly  is  the  same  as  that  reported  by  Orton.4 

The  nature  of  the  disease  led  us  to  suspect  that  we  had  either  a  species 
of  Sphacelia,  or,  more  probably,  the  microconidial  stage  of  the  genus 
Sclerotinia.  It  was  thought  that  infection  probably  occurred  at  the 
blooming  period  of  the  host  and  resulted  in  the  formation  of  such  a  sclero- 
tium. Accordingly  on  March  18,  192 1,  an  inspection  was  made  of  the 
planting  in  South  Carolina  from  which  diseased  specimens  had  been  re- 
ceived in  1920.  At  that  time  apothecia  (PI.  2,  A)  of  a  fungus  belonging 
to  the  genus  Sclerotinia  were  found  in  large  numbers  on  the  ground 
beneath  the  infected  trees.     The  apothecia  were  attached  to  the  infected 


1  Accepted  for  publication  Oct.  28,  1921.     The  technical  description  from  page  831;  of  this  paper  was  printed 
in  Science,  vol.  55,  no.  1422,  p.  353,  March  31,  1922. 

2  Orton,  W.  A.    on  a  fungus  disease  of  the  mulberry  fruit.    (Abstract  )    hi  Exp.  Sta.  Rec,  v.  14, 
no.  6,  p.  531-532-     1903. 

*  Taubenhaus,  J.  J.    on  a  peculiar  disease  of  mulberry  fruit.    In  Nature  .study  Rev.,  v.  17,  no.  7, 
p.  282-285,  3  fig.     1921. 
4  Orton.  W.  A.    op.  cit 
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seeds  (really  ovaries)  which  were  buried  at  an  average  depth  of  %  inch 
in  the  soil.  The  ascospores  were  found  to  be  mature  on  this  date  and 
capable  of  germinating  in  tap  water.  A  microscopical  examination  of 
the  blossoms  showed  practically  ioo  per  cent  infection  at  this  time.  An 
opportunity  was  not  afforded  to  inoculate  healthy  blooms  with  ascospores. 

Specimens  of  young  blooms  not  less 
than  8  feet  above  the  nearest  group 
of  apothecia  were  collected  on  March 
1 8,  placed  in  a  killing  solution,  em- 
bedded in  paraffin,  and  later  sectioned. 
Upon  microscopical  examination  of  the 
prepared  mounts  typical  ascospores  (fig. 
i,  A)  were  readily  found  on  the  pistils. 
The  foregoing  observations  constitute 
sufficient  evidence  to  warrant  belief 
in  the  pathogenicity  of  the  fungus. 

No  record  of  a  similar  disease  of  mul- 
berry in  this  country  has  been  found. 
Two  somewhat  similar  diseases  due  to 
Sclerotinia  shiraiana  P.  Henn.  and 
Microglossum  shiraianum  P.  Henn. 
have  been  reported  in  Japan.  In  a 
letter  of  June  20,  192 1,  Dr.  Shirai,  of 
the  Tokyo  Imperial  University,  states 
that  these  fungi  attack — 

mulberry  fruits  and  form  sclerotia  just  in  the 
same  manner  . . .  and  occur  on  the  tree  at  the 
same  time. 


He  also  states  that  these  two  fungi  can 
not  be  distinguished  by  the  forms  of  the 
sclerotia  but  that  the  fruiting  bodies 
are  entirely  different.  Material  of  S. 
shiraiana  was  kindly  sent  by  Dr.  Shirai 
for  comparison  with  the  fungus  col- 
lected in  South  Carolina.  The  latter 
differs  in  many  respects  from  5.  shira- 
iana and  especially  in  its  effect  on  the 
fruit  and  in  the  size  and  form  of  the 

Fig.   i.—Sclerotinia  carunculoides:    Asci,   ascos-  „       ,   .       .  t  . 

pores,  and  paraphyses.     A,  Ascospores  with    aSCOSpOreS.       In  i.  Slliratana  the  entire 
bodies  adjoining  the  concave  surfaces;  a,  view    oo-crrpcrn+p  fruit    i<;    transform prl    into    2 

from  above  showing  rhombic  shape  of  body  aggregate  iruit   is  transiormea  into  a 

adjacent  to    the  spore;  b    transverse  section  sclerotium  (PI.  2,  B,  Q,  b)  ,    while  in  OUr 

showing  crescent  shape  of  the  body  adjacent  to  .  v  ,    .    ,        -    ...     -,  ■, 

spore;  c,  longitudinal  section  of  spore,  showing  IUngUS    the    multiple     trUlt     breaks    Up 
location  of  hemispherical  body;  d,  spore  with  j  +-l      c^Wntin  flrpfnrmprl  from  inHi- 

hemispherical  body  dislodged.     Xi,6oo.     B,  ana  tne  SCierOtia  are  lOrmea  irom  1HU1 

Ascus,  ascospores,  and  paraphyses.    X840.   C  vidual  drUpletS   (PI.    2,  A,  6).       There  is 
Ascus,    showing    ascospores    surrounded    by       ,  r  ...,.'.  c  ,, 

gelatinous  membrane  producing  a  cross-walled  also  greater  Variation  in  the  Size  Ol  the 

effect,  xi.600.  d,  tip  of  ascus.  X1.600.  druplets  in  the  American  material  as 
compared  with  the  specimens  from  Japan  (PI.  2,  B,  c).  A  Botrytis  stage 
develops  in  the  fruits  attacked  by  S.  shiraiana,  while  in  this  country  there 
is  no  record  of  a  Botrytis  on  mulberry  fruit.  However,  it  is  possible  that  a 
conidial  form  other  than  the  microconidial  may  be  found  in  this  country. 
In  connection  with  the  differences  in  the  size  and  form  of  the  ascos- 
pores, it  should  be  noted  that  the  spores  of  Sclerotinia  shiraiana  are 
elliptical  and  are,  according  to  comparison  with  material  received  from 
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Dr.  Shirai,  slightly  larger  than  the  spores  of  our  fungus.  The  spores  of 
the  latter  are  reniform,  and  attached  to  the  concave  surface  of  each  spore 
are  peculiar  bodies  (fig.  1 ,  A)  which  are  striking  structures  morphologi- 
cally. Viewed  under  low  magnification  these  bodies  resemble  a  caruncle, 
(fig.  1,  B).  Under  higher  magnification  they  are  seen  to  be  composed 
of  two  parts,  one  a  body  adjacent  to  the  spore  and  more  or  less  rhombic 
in  shape  as  seen  from  above  (fig.  1,  A,  a)  and  crescent-shaped  (fig.  1, 
A,  b)  in  transverse  section  of  the  spore,  the  second  a  body  adjoining  the 
first  and  more  or  less  hemispherical  (fig.  1,  A,  c).  No  description  of 
similar  bodies  has  been  found  in  the  literature  on  Sclerotinia  or  on 
closely  related  genera.  The  presence  of  these  caruncle-like  bodies  made 
possible  the  identification  of  the  ascospores  on  the  pistils.  Further 
studies  are  being  made  on  the  nature  of  these  structures.  Stained  prep- 
arations show  the  spores  to  be  surrounded  by  a  gelatinous-like  substance 
which  appears  to  be  broken  up  into  segments  in  the  ascus,  so  that  the 
ascus  has  somewhat  the  appearance  of  being  marked  by  transverse 
septa  (fig.  1,  C).  Somewhat  similar  appearances  are  shown  by  Wor- 
onin  5  on  Plate  10,  figures  21  to  23,  of  his  drawings  of  Sclerotinia  megalos- 
pora  Wor.  and  by  Boudier  6  on  plate  318  of  his  drawings  of  Peziza  cucul- 
lata  Boud. 

As  stated  above,  this  fungus  differs  morphologically  from  Sclerotinia 
shiraiana,  which  produces  a  somewhat  similar  but  distinct  disease  in 
Japan;  it  also  appears  distinct  from  any  other  described  species.  The 
name,  Spermatomyces  mori,  gen.  nov.,  sp.  nov.,  which  was  suggested  by 
Orton  (1.-  c.),7  referred  to  the  microconidial  stage,  and  since  no  technical 
description  was  published,  it  must  be  considered  a  nomen  nudum.  The 
fungus  is  described  as  follows: 

Sclerotinia  carunculoides,  n.sp.s 

Apothecia  one  to  several  from  a  single  sclerotium,  disc  cupulate  to  subcupulate,  4 
to  12  mm.  in  diameter,  inside  snuff -brown,9  outside  Prout's  brown;  stalk  cylindrical, 
flexuous,  smooth,  attenuated  downward,  15  to  42  mm.  in  length,  reaching  a  diameter 
of  1.5  mm.,  color  Prout's  brown;  asci  cylindrical  to  cylindro-clavate,  104  to  123/x  by 
6.4  to  &ft,  average  117  by  7/x,  8-spored;  ascospores  uniseriate,  reniform,  hyaline,  6.4  to 
o.6jt  by  2.4  to  4n,  average  7.6  by  3. 1  n,  with  two  bodies  on  the  concave  surface :  namely, 
a  body  more  or  less  rhombic  in  shape  as  seen  from  above,  2  by  4  n,  and  adjoining  it, 
a  more  or  less  hemispherical  body  3  //  in  its  longest  diameter;  paraphyses  filiform  to 
cylindro-clavate,  simple  or  branched,  septate  or  nonseptate,  94  to  128  ju  by  1.8  to  2  /*; 
microconidia  hyaline,  subglobose,  2  to  4  n  by  2  to  3.2  p.,  average  2.8  by  2.5  /x,  sclerotia 
black,  fairly  regular,  subspherical  with  depressed  surfaces. 

On  fruits  of  cultivated  Morus  alba.  Type  material  collected  at  Scranton,  S.  C, 
U.  S.  A.,  March.  1921.  Specimens  have  been  deposited  in  the  Office  of  Pathological 
Collections,  Bureau  of  Plant  Industry.  United  States  Department  of  Agriculture, 
Washington,  D.  C. 

*  Woronin,  Michael,    uber  die  sklerotienkrankheit  der  vaccinieen-beeren.    entwickelungs 

GESCHICHTEDERDIESE  KRANKHEIT  VERURSACHENDEN  SCLEROTINIEN.      Mem.  Acad.  Imp.  Sci    St,  lVtCTSD. 

ger.  7,  t.  36,  no.  6,  49  p.,  10  col.  pi.     St.  Petersbourg,  188S. 

6  Boudier,  Emile.  icones  mvcologicae  ou  iconographie  des  champignons  de  France  principale- 
meni  discomycetes t.  2,  pi.  318  (col.),  t.  4,  p.  177.     Paris.  1905-1910. 

'  Orton,  W.  A.    op.  cit. 

8  Sclerotinia  carunculoides,  sp.  nov. 

Ascomatibus  ex  uno  sclerotio  solitariis  vel  pluribus  exorientibus,  discis  cupulatis  vcl  subcupulatis, 
4-12  mm.  diam.,  intus  sternutamento-brunneis,  extus  "  Prout's  "-brunneis;  stipitibus  cylindraceis,  llcx- 
uosis,  glabris,  deorsum  attenuatis,  15-42  mm.  longis,  usque  1.5  mm.  diam.,  "  Prout's  "-brunneis;  ascis,  cyl- 
indraceis vcl  eylindro-clavalis,  104-1 23X6.4-8/1,  medio  numero  117X7  /i,  octosporis;  ascosporis  uniseriatis, 
rcuiformibus,  hyalinis,  6.4-9.6X2.4-4 n,  medio  numero  7. 6X3.1  M,  Lick-bus  supcris  duo  corpusculis  praeditis: 
videlicet  corpusculo  piano,  nonnihil  rhombio  desuper  viso  2X4  m;  et  hoc  attingente  altero  corpusculo  plus 
minusve  hexnisphaerico,  loneissimo  diametro  3  n\  paraphysibus  filiformibus  vcl  cylindro-clavatis,  simpli- 
cibus  vel  ramosis,  septatis  vel  non-septatis,  94-128X  1.8-2  n\  microconidiis  hyalinis,  subglobosis,  2-4X2-3.2^, 
medio  numero  2.8X2.5  ft;  sclerotii  i  nigris,  mcdiocriter  regularibus,  sphaeroideis,  superficiebus  depressis. 

In  fructibus  cultis  Mori  albae,  Scranton,  South  Carolina,  U.  S.  A. 

»  Rjdgway,  Robert,  color  standards  a^'d  color  nomenclature.  IV.  43  p..  53  col.  pi.  Washing- 
tun,  D.  C  1912. 
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vSUMMARY 

Sclerotinia  carunculoides ,  n.  sp.,  is  described  as  causing  a  disease  of 
fruits  of  cultivated  mulberry  (Morus  alba)  completely  destroying  them 
as  an  edible  fruit. 

The  disease  is  known  to  occur  in  South  Carolina  and  has  been  reported 
from  other  southern  States. 

Ascospores  of  this  fungus  have  been  found  on  blooms  which  were 
collected  not  less  than  8  feet  above  the  nearest  group  of  apothecia. 

The  occurrence  of  the  microcondidial  form  of  the  fungus  in  the  diseased 
fruit  is  noted. 

The  most  striking  feature  which  distinguishes  this  fungus  from  others 
of  the  same  group  is  the  presence  of  a  prominent  caruncle-like  body  on  the 
concave  surface  of  the  ascospore. 


27135—2.°, 7 


PLATE  i 

A. — Diseased  fruits  of  Morus  alba,  showing  the  greatly  enlarged  condition  of  the 
ovaries.     X  t  1/3. 

B. — Photomicrograph  of  section  of  infected  ovary,  showing  the  sclerotium  and  layer 
of  microconidia,  indicated  by  arrow.     X  75- 

C. — Infected  ovaries  (a),  mass  of  microconidia  on  the  outside.     X  3. 


Sclerotinia  carunculoides 


Plate   I 
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Sclerotica  carunculoides 


Plate  2 
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PLATE  3 

A. — Apothecia  of  Sclerotinia  carunculoides:  (a)  in  situ,  (b)  attached  to  old  seed 
{sclerotia).     Natural  size. 

B. — Sclerotinia  shiraiana:  (a)  apothecium  arising  from  sclerotium  composed  of 
entire  fruit,  (h)  sclerotia,  (c)  infected  fruit,  showing  the  comparative  regularity  in 
size  of  the  druplets.     X  i  i/4- 
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INFLUENCE  OF  SOIL,  TEMPERATURE  AND  MOISTURE 
ON  THE  DEVELOPMENT  OF  THE  SEEDLING-BLIGHT 
OF  WHEAT  AND  CORN  CAUSED  BY  GIBBERELLA 
SAUBINETIP 

By  James  G.  Dickson,  Associate  Professor  of  Plant  Pathology,  University  of  Wiscon- 
sin, and  Pathologist,  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United 
States  Department  of  Agriculture 

INTRODUCTION 

Various  seedling-blights,  rootrots,  and  damping-off  troubles  of  plants 
have  long  been  associated  with  unfavorable  soil  and  weather  conditions. 
The  soil-inhabiting  organisms  which  cause  this  group  of  relatively  obscure 
diseases  usually  become  aggressive  parasites  only  when  the  seedling  or 
plant  is  weakened  through  its  inability  to  react  favorably  to  the  environ- 
ment. Plant  pathologists  are  continually  being  reminded  of  the  import- 
ant correlation  between  climatic  conditions  and  the  occurrence  of  plant 
diseases.  The  fact  is  emphasized  by  Duggar  (10)  ,2  Smith  (28,  p.  36  et  seq.) , 
and  Jones  (21)  that  the  most  important,  most  complex  problems  for  long- 
time research  include  the  critical  study  of  the  relation  of  environment  to 
parasitism. 

From  the  field  standpoint,  this  problem  was  well  illustrated  in  Illinois 
during  the  fall  of  1919.  The  first  part  of  the  period  for  sowing  winter 
wheat  was  hot  and  dry,  followed  later  by  cool,  wet  weather.  The  early 
sowings  of  wheat  were  made,  therefore,  in  a  comparatively  warm  and  dry 
soil,  whereas  the  later  sowings  were  made  in  a  cool  and  moist  soil.  In 
many  of  the  early  sown  fields,  the  seedling-blight  caused  by  the  conidial 
stage  of  Gibber ella  saubinetii  (Mont.)  Sacc.  destroyed  more  than  half  of 
the  young  seedlings.  Chiefly  on  account  of  these  ravages,  together  with 
Hessian  fly  injury,  the  stand  and  vigor  were  so  greatly  reduced  that  a 
number  of  such  early  sown  fields  were  resown  the  following  spring.  In 
contrast  to  this,  in  the  fields  sown  late  in  the  autumn  it  was  almost 
impossible  to  find  a  blighted  seedling,  even  in  the  worst-infested  fields. 

These  conditions  are  analogous  to  those  affecting  the  development  of 
cabbage  yellows  as  noted  by  Gilman  (11).  Experiments  show  con- 
clusively that  the  soil  organism  Fusarium  conglutinans  Wollenw.  is 
capable  of  inducing  cabbage  yellows  only  at  soil  temperatures  of  170  C. 
or  above.     Tisdale  found  that  flaxwilt  {Fusarium  lini  Bolley)  developed 

1  Accepted  for  publication  May  10,  1922.  The  investigations  upon  which  this  paper  is  based  were  con- 
ducted cooperatively  by  the  Office  of  Cereal  Investigations  of  the  Bureau  of  Plant  Industry  and  the  Wis- 
consin Agricultural  Experiment  Station. 

'  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  pp.  869-870. 
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only  at  soil  temperatures  above  160.  These  observations  and  experi- 
ments tend  to  confirm  Wollenweber's  {34)  generalization  that  the  root- 
invading  Fusariums  are  warm-soil  organisms. 

The  Fusarium  seedling-blight  of  wheat  and  other  cereals  {Gibbcrella 
saubinetii)  has  proved  to  be  well  adapted  to  a  critical  study  of  the  rela- 
tion of  environment  to  parasitism,  as  th£  same  parasite  is  able  to  attack 
a  number  of  different  host  plants,  especially  wheat  and  other  small 
grains  and  corn.  The  field  observations  on  winter  wheat,  mentioned 
previously,  indicate  that  soil  temperature  and  soil  moisture  are  im- 
portant factors  in  the  development  of  the  disease.  As  a  result  of  the 
suggestions  from  these  field  observations  and  the  apparent  importance 
of  the  diseases  on  both  wheat  and  corn,  investigations  were  undertaken 
to  determine  the  relation  of  soil  temperature  and  soil  moisture  to  the 
development  of  seedling-blight  of  wheat  and  corn  caused  by  G.  saubinetii. 
The  responses  of  the  two  hosts,  wheat  and  corn,  were  so  markedly  differ- 
ent that  the  studies  are  being  continued  with  the  view  of  determining 
the  physiological  and  chemical  responses  which  determine  host  suscepti- 
bility. Although  the  results  here  presented  are  not  complete,  it  is  be- 
lieved that  they  will  serve  to  show  the  relation  of  temperature  and 
moisture  to  the  development  of  the  blights  caused  by  this  one  organism. 

SEEDLING-BLIGHT  OF  WHEAT 

The  seedling-blight  of  wheat  was  not  connected  with  the  headblight 
or  scab  described  by  Smith  (29),  Weed  (33),  Chester  (8),  Arthur  (3), 
and  Hickman  {16),  until  Selby  and  Manns  (27)  described  the  diseased 
seedlings  obtained  by  sowing  scabbed  kernels.  The  seedling-blight  has 
been  mentioned  since,  and  its  close  association  with  unfavorable  weather 
conditions  has  been  suggested  by  Bolley  (6,  7),  Schaffnit  (25),  Akerman 
(j),  Atanasoff  (4),  and  others.  This  disease  is  prevalent  in  the  winter- 
wheat  areas  of  the  Mississippi  Valley.  The  losses  from  this  stage  of  the 
disease  vary  greatly  from  year  to  year,  depending  upon  climatic  condi- 
tions. 

The  symptoms  of  the  seedling-blight  caused  by  Gibbcrella  saubinetii 
vary,  depending  upon  the  portion  of  the  seedling  attacked  and  the 
environing  conditions  during  the  development  of  the  blight.  In  case  of 
severe  attacks  many  of  the  germinating  seedlings  may  be  killed  before 
they  emerge,  which  results  in  reduced  stand.  When  the  attacks  are  less 
severe  the  seedlings  emerge  and  are  weakened  or  killed,  according  to 
the  severity  of  the  attack.  Such  seedlings,  when  carefully  removed 
from  the  soil  before  disintegration,  show  all  gradations  of  attack  (PI.  1 
and  2).  In  many  cases  the  developing  embryo  is  invaded  and  killed 
before  either  roots  or  plumules  elongate  (PL  3,  B).  The  embryo  as  well 
as  the  invaded  portions  of  the  kernel  become  reddish  brown  to  carmine 
red  as  the  soil-moisture  condition  varies  from  dry  to  wet.  The  fungus 
growth  tends  to  accumulate  over  the  surface  of  the  infected  tissues, 
causing  the  soil  to  cling  tightly  to  the  diseased  parts. 

In  other  instances,  the  plumule  is  blighted  when  less  than  1  cm.  long, 
the  root  development  continuing,  however,  for  some  time  afterwards 
(PL  1,  b,  and  3).  Often  the  roots  develop  to  a  length  of  5  to  10  cm. 
before  they  are  invaded  by  the  fungus.  The  invasion  usually  occurs  by 
the  parasite  growing  from  the  invaded  endosperm  into  the  proximal 
portions  of  the  roots,  after  which  the  entire  root  is  invaded  and  rotted. 
Other  seedlings  do  not  succumb  to  the  attack  until  the  first-leaf  or  often  the 


Mar.  I7. 1923    Influence  of  Soil  Temperature  on  Seedling-Blight  839 

second-leaf  stage.  The  attacked  plants  first  become  dwarfed  and  chlo- 
rotic,  then  wilt  (PI.  1,  c),  and  finally  fall  over  and  become  overrun  by  the 
parasite  (PI.  3,  B).  This  latter  stage  is  a  typical  wilt  of  the  young  plant. 
The  old  seed  and  the  portion  of  the  stem  below  ground  develop  the 
characteristic  reddish  brown  color.  Usually  perithecia  form  gregari- 
ously on  the  culm  near  the  soil  line.  Still  other  seedlings  partly  succumb 
to  a  root  attack.  In  many  cases  all  of  the  roots  may  be  badly  rotted 
and  the  plant  considerably  dwarfed.  Such  plants,  when  weather  con- 
ditions are  favorable  for  the  development  of  the  seedling,  may  send  out 
new  roots  from  the  first  node  and  entirely  or  partially  recover  (PI.  2,  a, 
and  3,  A). 

In  many  instances  the  reddish  brown  lesions  occur  only  on  the  coleop- 
tile  without  penetrating  deeper  into  the  tissue.  The  symptoms  under 
these  conditions  are  very  similar  to  the  same  type  of  lesion  produced  by 
light  attacks  of  Helminthosporium ;  the  color  in  the  former  lesion,  how- 
ever, generally  is  slightly  lighter. 

SEEDLING-BLIGHT  OF  CORN 

The  relationship  between  seedling-blight  and  rootrot  of  corn  and  wheat 
scab  caused  by  Gibberella  saubinetii  was  earlier  suggested  by  Arthur  (3) 
and  later  proved  by  Hoffer,  Johnson,  and  Atanasoff  (17).  This  organism 
causes  heavy  losses  in  corn  through  the  central  and  upper  Mississippi 
Valley.  In  1920,  fields  were  reduced  10  to  25  per  cent  where  corn  was 
planted  on  fields  in  which  the  wheat  crop,  heavily  infected  with  scab, 
had  been  plowed  under  the  previous  fall,  while  field  inoculation  experi- 
ments the  same  year  demonstrated  yield  reductions  of  10  to  30  per  cent. 
Although  the  distribution  and  prevalence  of  this  parasite  on  corn  has 
not  been  definitely  determined,  yet  it  is  evident  that  the  organism  is 
capable  of  causing  heavy  losses  in  the  corn  crop  as  well  as  in  wkeat. 

The  symptoms  of  the  seedling-blight  of  corn  caused  by  Gibberella 
saubinetii  vary,  as  do  those  of  wheat,  depending  upon  the  severity  of 
attack,  the  age  of  the  seedling,  and  soil  conditions.  As  in  the  case  of 
wheat,  the  corn  seedling  may  be  attacked  in  various  stages,  the  type  of 
infection  being  similar  to  that  in  wheat  (PI.  4,  A,  B,  C).  The  lesions  are 
more  definite  on  the  corn  seedling,  however,  and  usually  extend  from 
the  kernel  into  the  tap  root  and  lateral  roots  as  well  as  into  the  mesocotvl.8 
The  invaded  areas  are  at  first  light  brown,  water-soaked  regions,  soon 
turning  reddish  brown.  The  kernel  turns  reddish  brown  to  carmine  red, 
depending  upon  soil  moisture  conditions.  The  type  and  color  of  the 
lesion,  as  well  as  the  color  of  the  infected  kernel,  are  distinctly  different 
from  similar  infections  produced  by  Helminthosporium  sp.  or  Diplodia 
zeae  (Schw.)  Lev.  The  badly  infected  seedlings  become  yellow  and  wilt 
down  in  a  manner  very  similar  to  that  described  for  wheat.  Many  of 
the  plants  partially  recover  by  sending  out  new  roots  and  make  a  fair 
growth,  although  a  rather  high  percentage  of  such  plants  fail  to  produce 
marketable  ears. 

The  symptoms  of  the  seedling-blights  of  corn  caused  by  Gibberella 
saubinetii  are  in  general  very  similar,  the  chief  difference  being  the  de- 
velopment of  a  more  definite  lesion  on  the  larger  stem  and  roots  of  corn. 
The  symptoms  on  both  hosts  are  variable,  depending  as  they  do  upon 
many  varying  factors. 

*  The  term  "  mesocotyl,"  as  used  in  this  paper,  follows  previous  usage  for  core,  applying  to  the  structure 
between  the  attachment  of  the  scutellum  and  the  base  of  the  colcoptile. 
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The  period  of  severe  infection  in  both  wheat  and  corn  is  usually  re- 
stricted to  the  seedling  stage.  Few  new  infections  occur  after  the  seed- 
ling has  reached  the  fourth-leaf  stage.  Occasionally,  however,  under 
weather  conditions  favorable  for  the  development  of  the  disease  new 
root  lesions  may  develop,  which  tend  to  reduce  the  vigor  of  the  plant 
but  rarely  develop  sufficiently  to  kill  it. 

LIFE  CYCLE  OF  THE  ORGANISM  IN  RELATION  TO  THE   PRODUCTION 

OF  SEEDLING-BLIGHT 

The  seedling-blight  of  wheat  and  corn  develops  from  two  chief  sources ; 
first,  scabbed  or  infected  seed  and,  second,  infested  soil.  Floral  infec- 
tions in  wheat  develop  during  moist,  warm  weather  and  result  in  blighted 
or  scabbed  kernels  within  the  infected  spikelets.  The  mycelium  hiber- 
nates in  or  on  the  scabbed  kernels,  many  of  which  show  no  marked  external 
symptoms  until  the  seed  is  sown,  when  the  parasite  develops  in  the 
young  seedling.  Seed  infection  also  occurs  in  corn.  The  mycelium 
hibernates  in  the  seed  and  develops  in  the  young  seedling  in  the  spring, 
following  germination. 

In  addition  to  seed  infection,  the  organism  develops  as  a  saprophyte 
on  decaying  crop  refuse  near  or  on  the  surface  of  the  soil.  It  becomes 
aggressive  as  a  parasite  only  when  the  seedlings  are  weakened  by  un- 
favorable environment. 

EXPERIMENTAL  METHODS 

CULTURE   METHODS 

The  temperature  and  moisture  studies  were  conducted  under  con- 
trolled conditions  in  the  greenhouse  as  well  as  under  field  conditions. 
Pure-line  Marquis  wheat  (Wis.  Ped.  No.  50)  was  used  in  all  of  the  spring- 
wheat  studies  and  pure-line  Turkey  wheat  (Wis.  Ped.  No.  2)  was  em- 
ployed in  the  winter-wheat  studies.  Specially  selected  ears  of  Funk 
Ninety-Day  yellow  dent  and  Golden  Glow  yellow  dent  were  used  in  all 
of  the  experiments.  Only  kernels  free  from  disease  and  treated  with 
mercuric  chlorid  1  to  1 ,000,  followed  by  rinsing,  were  used  for  inoculation 
and  controls.  In  addition,  naturally  infected,  scabbed  wheat  kernels 
were  used  in  several  experiments  in  comparison  with  artificially  inocu- 
lated seed. 

In  the  greenhouse  the  soil-temperature  experiments  were  conducted 
in  the  Wisconsin  soil-temperature  tanks,  considerably  modified  from 
those  described  by  Jones  (21)  and  Johnson  and  Hartman  (20).  The 
tanks,  as  constructed  on  the  unit  plan,  consisted  of  the  insulated  water 
bath  equipped  with  a  rigid  cover  through  which  the  soil  containers  were 
suspended  in  the  water  bath  below. 

Containers  of  two  different  sizes  were  used.  A  can  6  inches  in  diameter 
by  12  inches  deep  was  used  for  most  of  the  seedling  studies,  and  a  larger 
can  12  inches  in  diameter  by  20  inches  deep  for  the  plant  studies.  In 
addition  to  being  utilized  as  soil  containers  these  larger  cans  were  fitted 
with  covers  and  used  for  culture  chambers.  These,  together  with  the 
Altmann  incubator,  were  used  in  the  studies  on  the  relation  of  tempera- 
ture to  the  development  of  the  fungus. 

The  water  within  the  tank  was  heated  by  an  electric  heater  in  a  water- 
tight copper  container  submerged  at  the  bottom  of  the  tank.  The  heater 
was  controlled  by  a  mercury  thermostat  set  in  the  water  bath  and  an 
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ordinary  telegraph  relay.  The  temperatures  below  greenhouse  tempera- 
ture were  maintained  by  running  a  stream  of  cold  water  into  the  tank, 
lowering  the  temperature  of  the  water  slightly  below  that  desired,  and 
then  heating  the  water  to  the  temperature  required  by  the  thermostati- 
cally controlled  electric  heater. 

By  means  of  this  equipment  it  was  possible  to  maintain  fairly  con- 
stant soil  temperatures  in  the  containers  as  well  as  constant  air  tempera- 
tures within  the  chambers  consisting  of  the  submerged  cans.  Repre- 
sentative soil-temperature  records  are  compared  with  the  air  tempera- 
ture in  the  greenhouse  in  figure  1.  Soil-temperature  readings,  2  inches 
below  the  surface,  were  recorded  several  times  each  day  throughout  the 
duration  of  all  the  experiments,  and  in  many  instances  soil-thermograph 
records  were  obtained.  The  mean  soil  temperature  for  the  duration  of  the 
experiments  is  given  in  each  series  of  data  presented.  The  Altmann 
incubator  was  operated  at  intervals  ranging  from  about  40  to  300  C. 
The  tanks  were  operated  at  regular  intervals  of  8°,  120,  160,  200,  240, 
280,  320,  and  360  C,  although  the  mean  given  in  the  table  in  connection 
therewith  may  deviate  slightly  from  these  temperatures. 


7-'?     :~~~: 


Fig.  1. — Graphic  record  of  greenhouse  air  temperature  and  of  so  il  temperature  in  three  different  tanks 

used  in  the  experiments. 

The  approximate  quantity  of  soil  necessary  to  fill  all  the  cans  used  in 
the  series  was  thoroughly  screened  and  mixed,  after  which  the  moisture 
content  and  moisture-holding  capacity  of  the  soil  were  determined. 
Sufficient  water  was  then  added  to  bring  the  moisture  up  to  the  desired 
point  of  saturation,  after  which  the  soil  was  again  thoroughly  mixed. 
After  standing  covered  for  a  day,  the  soil  was  mixed  repeatedly  and 
potted,  a  weighed  amount  being  placed  in  each  can.  The  cans  were 
equipped  with  a  small  inverted  flowerpot  placed  in  the  soil  at  about  the 
level  of  the  seed  bed.  This  pot  was  connected  with  the  surface  by  a 
short  glass  tube  fitted  with  a  plug  to  prevent  air  circulation.  The  fully 
equipped  container  was  then  weighed  and  the  weight  recorded,  after 
which  the  can  was  placed  in  the  temperature  tank. 

Soil  moisture  was  kept  as  nearly  constant  as  possible  during  the  progress 
of  the  experiments  by  daily  weighing  and  adding  water  to  restore  the 
original  weight.  Evaporation  from  the  soil  surface  was  prevented 
by  a  dust  mulch  or  coarse  sand  on  the  surface.  In  this  way  the  moisture 
variation  was  reduced  to  a  minimum,  although  it  was  found  impossible 
to  maintain  exactly  comparable  moisture  conditions  at  various  soil 
temperatures.  Since  the  critical  range  of  soil  moisture  had  been  pre- 
viously determined,  it  seemed  logical  to  believe  that  the  two  factors, 
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moisture   and    temperature,    could    be   separated   and   their   individual 
influence  studied. 

In  the  field  the  temperature  and  moisture  experiments  were  handled 
by  sowing  at  different  dates  during  the  fall  and  spring.  Continuous  soil- 
and-air  temperature  records  were  secured  by  means  of  the  soil-air  thermo- 
graph, which  was  checked  each  day  by  electrical  resistance  thermocouples 
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Fig.  2. — Graphs  showing  soil  and  air  temperature  for  the  season  of  192 1  and  percentage  of  stand  of  spring 
wheat  and  corn  sown  on  different  dates.  A.  Corn;  B,  Marquis  wheat.  The  squares  of  the  graph  paper 
are  filled  in  for  the  seedling  period  of  each  sowing,  as,  for  instance,  August  24  to  29.  This  represents  the 
period  during  which  the  environmental  factors  influenced  the  development  of  seedling-blight.  To  avoid 
confusion  the  curves  for  percentage  of  stand  of  plants  are  plotted  on  the  date  sown.  The  distance  between 
the  solid  lines  and  broken  lines  showing  stand  of  check  and  inoculated  plots  represents  the  percentage 
of  seedling-blight. 

placed  immediately  adjacent  to  the  soil-thermograph  bulb  and  left  undis- 
turbed for  the  duration  of  the  experiment.  The  instrument  bulbs  were 
placed  in  the  plots  used  for  the  experimental  studies  at  depths  of  2  and  4 
inches.  Sowings  were  usually  made  after  a  rainy  period  when  the  mois- 
ture content  of  the  soil  was  at  about  15  per  cent,  based  on  water-free  soil 
(fig.  2).     In  some  few  cases  it  was  necessary  to  increase  the  soil-moisture 
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content  by  sprinkling  the  plot  the  day  before  planting.  Soil-moisture 
determinations  were  run  before  each  seeding  to  insure  similar  moisture 
conditions.  Thus  temperature  was  the  chief  soil  variant  for  each  seeding, 
at  least  during  the  seedling  stage.  Of  course  light  intensity  and  the 
duration  of  the  light  varied  for  the  different  seedings,  and  such  factors 
must  be  taken  into  consideration  in  all  work  of  this  type. 


INOCULATION  TECHNIC 

In  both  wheat  and  corn  the  inoculations  were  made  by  using  a  water 
suspension  of  conidia  of  Gibberella  saubinetii.  The  conidia  were  obtained 
from  3-to-4-day-old  cultures.  Comparative  inoculations  with  these  vege- 
tative conidia  and  the  conidia  produced  at  the  end  of  the  vegetative 
period  gave  the  same  type  and  percentage  of  blighting.  Therefore  the 
vegetative  conidia  were  used,  as  they  could  be  produced  much  more 
rapidly  and  uniformly. 

Sufficient  seed  for  each  can  of  the  series  was  soaked  for  10  minutes  in 
the  water  suspension  of  the  co- 
nidia, after  which  each  kernel 
was  lifted  out  separately  with 
sterile  forceps  and  placed  in  the 
sterilized  soil  in  the  can.  The 
controls  were  similarly  treated  in 
sterile  distilled  water. 

In  several  of  the  early  inocula- 
tion experiments  the  number  of 
conidia  in  the  suspension  seemed 
to  have  a  marked  influence  not 
only  on  the  percentage  of  blight 
produced  but  also  upon  the  type 
of  blight  that  resulted.  At  the 
outset,  therefore,  it  was  necessary 
to  take  up  a  study  of  this  phase 
of  the  problem  and  determine  the 
influence  of  the  number  of  conidia 
introduced  with  the  seed  on  the 
percentage  of  blight  occurring 
and  the  type  of  blight  developing,  as  well  as  to  determine  what  spore  con- 
centration was  most  capable  of  producing  a  consistent  and  uniform  type 
of  blighting. 

The  regular  temperature  cans  were  prepared,  as  previously  described 
under  the  discussion  of  methods,  and  filled  with  soil  at  60  per  cent  of  the 
moisture-holding  capacity.  The  cans  were  placed  in  the  greenhouse  at  a 
temperature  of  160  to  200  C.  Uniformly  plump  seed  of  both  Marquis 
and  Turkey  wheat  was  soaked  in  conidial  suspensions  ranging  from  about 
13,200  conidia  per  cubic  centimeter  to  1,625,000  conidia  per  cubic  centi- 
meter in  the  most  concentrated  spore  suspension  used.  These  suspen- 
sions were  prepared  by  making  up  a  large  quantity  of  a  heavy  suspension 
of  conidia  obtained  from  vigorous  young  cultures.  The  average  of  a  large 
number  of  conidial  counts  made  on  the  haemocytometer  was  taken  as  the 
basis  for  making  the  spore  dilutions. 

With  the  increase  in  the  number  of  conidia,  there  resulted  a  marked 
increase  in  the  percentage  of  diseased  plants.     Further,  with  the  increase 
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Fig.  3. — Graph  showing  relation  of  number  of  conidia 
in  the  inoculum  to  the  development  of  seedling- 
blight  of  wheat.  The  increased  rate  of  application 
of  conidia  in  the  inoculum  on  the  seed  gradually 
increased  both  the  severity  of  the  blighting  and  the 
percentage  of  plants  blighted  before  emerging. 
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in  the  concentration  of  inoculum,  there  were  gradual  increases  in  both  the 
percentage  of  seedlings  killed  preceding  emergence  and  the  percentage  of 
those  wilted  following  emergence  (Table  I  and  fig.  3) .  In  the  more  dilute 
suspensions  the  attack  was  usually  restricted  to  the  subcrown  internode  4 
and  resulted  in  a  slight  blighting,  from  which  in  many  cases  the  seedlings 
recovered.  As  the  number  of  conidia  increased,  however,  the  attack 
became  more  general,  often  including  the  young  plumule,  thus  resulting 
in  the  higher  percentages  of  seedlings  which  blighted  before  emergence. 
A  combination  of  a  heavy  conidial  suspension,  together  with  conditions 
favorable  for  the  development  of  the  blight,  usually  resulted  in  high  per- 
centages of  the  seedlings  being  killed  before  emerging  (PI.  5,  A). 

Table  I. — Relation  of  number  of  conidia  to  the  production  of  seedling-blight  of  wheat 

and  to  the  type  of  blight  produced 


Average  num- 
ber conidia  per 
cubic  centimeter 
of  inoculum. 

Percentage 
germina- 
tion of 
wheat. 

Percentage 
of  plants 
emerged. 

Percentage 
of  disease- 
free  plants. 

Percentage  of  blighted  plants. 

Slightly 
diseased. 

Wilted. 

Blighted 

before 
emerging. 

Control 
13,  200 
65,  000 
325,000 

1,  625,  000 

99 
97 
99 
93 
90 

98 
80 

78 
65 

45 

85 
60 

56 

43 
18 

13 

!3 

9 

7 

6 

0 

7 

13 

15 
21 

I 

17 
21 
28 

45 

The  two  intermediate  spore  dilutions  seemed  to  give  the  most  uniform 
results.  The  first,  65,000  conidia  per  cubic  centimeter,  gave  a  medium 
percentage  of  both  wilt  and  blight,  whereas  the  second  dilution,  325,000 
conidia  per  cubic  centimeter,  gave  a  relatively  higher  percentage  of 
seedlings  blighted  before  emergence.  Consequently  these  two  spore 
dilutions  were  used  for  inoculation  purposes  in  the  soil-temperature 
and  soil-moisture  experiments  reported  in  this  paper. 

TEMPERATURE  AND  MOISTURE  EXPERIMENTS  IN  THE  GREENHOUSE 


INFLUENCE   OF  TEMPERATURE   ON   THE   PARASITE  5 

A  considerable  literature  has  been  accumulated  on  the  influence  of 
temperature,  moisture,  and  other  environing  conditions  on  the  develop- 
ment of  both  saprophytic  and  parasitic  species  of  the  genus  Fusarium. 
Schnaffnit  (25),  Humphrey  (18),  Gilman  (11),  Tisdale  (jo),  and  others 
have  found  that,  in  general,  these  organisms  develop  best  at  compar- 
atively high  temperatures.  Their  results,  however,  show  that  while 
this  group  of  fungi  have  fairly  high  optima,  yet  they  have  a  very  wide 
temperature  range,  spore  germination,  vegetative  development,  and 
spore  production  taking  place  at  a  range  of  from  50  to  3 6°  C. 

*  The  designation  "  subcrown  internode,"  as  used  for  wheat  in  this  paper,  applies  to  the  structure  between 
the  base  of  the  coleoptile  and  the  crown  node. 

5  From  unpublished  data  of  experiments  conducted  by  Helen  Johann,  Grace  O.  Wineland,  and  the  writer 
in  the  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture. 
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SPORE   GERMINATION 

Conidia  from  several  different  strains  of  Gibberella  saubinetii  were 
germinated  in  the  Altmann  incubator  and  temperature  chambers  re- 
ferred to  under  methods,  at  temperatures  ranging  from  40  to  360  C,  in 
hanging  drop  cultures  of  distilled  water,  soil  decoction,  and  potato- 
dextrose  agar,  as  well  as  on  poured  plates  of  potato-dextrose  agar,  and 
on  young  wheat  seedlings  growing  in  sterile,  moist  soil.  The  influence 
of  temperature  on  rate  and  percentage  of  spore  germination  is  shown 
for  one  medium,  distilled  water,  in  Table  II. 

Table  II. — Influence  of  temperature  on  the  germination  of  conidia  of  Gibberella  saubi- 
netii in  hanging  drops  of  distilled  water 


Mean 
temper- 
ature. 

Average  germination  and  length  of  germ  tube. 

6  hours.                        24  hours. 

48  hours. 

96  hours. 

Germi- 
nation. 

Length. 

Germi- 
nation. 

Length. 

Germi- 
nation. 

Length. 

Germi- 
nation. 

Length. 

°C. 

3-6 
II.  O 
17.  O 
28.5 

35 

Per  cent 
O 
O 
94 

97 

84 

n 

O 

O 

lOO 

IOO 

40 

Per  cent. 
O 

80 

0 

75 

Per  cent. 

°-5 

86.5 

O 
IOO 

Per  cent. 

88 

45 

The  results  show  that  germination  and  growth  take  place  over  a  wide 
temperature  range.  The  cardinal  temperatures  for  germination  and 
growth  of  the  germ  tubes  were  not  greatly  altered  by  the  use  of  other 
media  than  those  given  in  Table  II.  The  inhibiting  influence  of  the  ex- 
treme temperatures,  however,  was  more  marked  in  unacidified  media. 
The  optimum  temperature  for  both  rate  and  percentage  of  germination 
was  raised  about  4°C.  by  acidifying  the  potato-dextrose  agar  with  one 
drop  of  25  per  cent  lactic  acid  in  each  tube  of  agar.  Good  germination 
was  obtained  from  40  to  32  °,  but  above  this  temperature  the  conidia 
became  very  much  swollen,  with  much  thickened  walls  and  twisted, 
abnormal  germ  tubes. 

The  temperature  range  for  ascospore  germination  was  found  to  be 
essentially  the  same  as  that  for  the  conidia. 


VEGETATIVE   DEVELOPMENT 

Potato-dextrose  agar,  both  acidified  and  unacidified,  was  poured  into 
Petri  dishes,  care  being  taken  to  have  dishes  of  the  same  size  and  the 
same  quantity  of  agar  in  each  plate.  A  dilute  conidial  suspension  was 
prepared,  and  a  single  loopful  was  placed  in  the  center  of  each  plate  for 
the  series  started  from  conidia.  Disks  of  equal  size  were  cut  from  the 
outer  circumference  of  a  young  colony  on  agar  and  placed  in  the  center 
of  the  plates  for  the  series  started  from  mycelium.  These  plates  were 
then  incubated  in  a  saturated  atmosphere  in  the  temperature  chambers 
previously  described  under  methods,  at  temperatures  ranging  from  8° 
to  36°C.  and  in  the  Altman  incubator  at  temperatures  ranging  from  40 
to  300.     The  rate  of  growth  was  determined  by  measuring  the  diameter 
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of  the  resulting  colonies  from  day  to  day.     The  best  comparative  data 
were  obtained  when  the  cultures  were  4  to  6  days  old. 

A  sparse,  slow  growth  occurred  at  30  to  4°C,  a  light  growth  developed 
at  50,  and  an  appreciable  amount  of  mycelium  developed  at  8°  after  an 
interval  of  10  to  12  days.  Above  this  temperature,  the  rate  of  growth 
increased  rapidly,  the  optimum  falling  at  240  with  unacidified  agar, 
and  at  2 8°  with  acidified  agar.  Little  or  no  growth  occurred  above  32 ° 
to  340,  regardless  of  the  time  incubated.  The  average  diameters  of  the 
colonies  are  given  in  Table  III  and  shown  graphically  in  figure  4.  The 
diameter  and  texture  of  the  colonies  of  a  single  series  are  shown  in 
Plate  3,  C. 

Table  III. — Influence  of  temperature  on  the  vegetative  development  of  Gibberella  sau- 

binetii  incubated  on  potato-dextrose  agar 


Reaction  of  medium  and 
inoculum. 


Unacidified  agar,  conidia. 
Acidified  agar,  conidia.  . 
Unacidified  agar,  myce- 
lium  

Acidified  agar, mycelium. 


Aver- 
age 

num- 
ber 

deter- 
mined. 


Age  of 
culture 
(days). 


Average  diameter  of  colonies  in  centimeters  at 
different  temperatures. 


8°C 


O.  I 

o 

i-S 

•7 


i/C. 


1-3 

•7 

2-5 

1.4 


i6°C. 


2-5 

i-7 
4-5 

2-3 


20°C       24°C. 


5-9 
3° 

6-5 
2.7 


8.  1 

3-  1 

9.0 

4-5 


28°C 


7-5 
5-7 

7-3 
6.0 


3J    C. 


°-3 
.  1 

1.6 
i-3 


36' c 


0 
o 


The  cardinal  temperatures  for  mycelial  growth  were  about  the  same 
when  the  fungus  was  incubated  on  the  stems  of  young  wheat  seedlings 
growing  in  tubes  of  sterile  soil,  the  optimum  rate  of  growth  ranging  from 
240  to  280  C.  No  mycelium  was  found  on  the  seedlings  at  temperatures 
above  32 °  to  340  C. 


PRODUCTION   OP  CONIDIA 

Observations  on  the  production  of  conidia  by  the  fungus  were  made  on 
potato-dextrose  agar  poured  plates,  in  hanging  drops  of  potato-dextrose 
agar,  and  on  the  stems  of  young  wheat  seedlings  growing  in  tubes  of 
sterile  soil.  Conidia  were  produced  at  temperatures  ranging  from  40  to 
340  C,  as  shown  in  Table  IV. 

Table  IV. — Influence  of  temperature  on  the  production  of  conidia  by  Gibberella  saubinttii 

in  hanging  drops  of  potato-dextrose  agar 


Time  incubated. 


24  hours 

2  days. . 

3  days.  . 

4  days. . 
6  days.  . 
9  days.  . 
18  days. 


Rate  of  production  and  comparative  number  of  conidia  produced 
at  different  temperatures. 


4*C. 


n°  c. 


o 
o 
o 
I 
10 

IOg 


17°  C 


3 

IOg 
IOg 
IOg 


34°  C 


I 
IOg 
IOg 
IOg 
IOg 


380  C 


<*3g 

IOg 
IOg 
IOg 
IOg 


30°  C 


IOg 
IOg 
IOg 
IOg 
IOg 


$i°C.      34°  C 


IOg 
IOg 
IOg 
IOg 
IOg 


o 

2 

3 
4 

4 


•  Letter  g  following  a  number  indicates  new  conidia  germinated  after  being  produced. 


Mar. 


1923 
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The  time  required  for  the  production  of  conidia  varied  from  about  20 
days  at  40  C.  to  24  hours  at  300  to  32 °.  Sporodocia-like  tufts  of  conidia 
were  produced  at  the  higher  temperatures  almost  as  an  outgrowth  of  the 
conidium.  The  higher  temperatures  stimulate  the  early  production  of 
conidia  by  Gibberella  saubinetii,  as  described  by  Dickson  and  Johann  (9). 


INFLUENCE    OF    SOIL    TEMPERATURE    ON    THE    DEVELOPMENT     OF     HOSTS 

While  it  is  not  the  purpose  of  this  paper  to  discuss  in  detail  the  influ- 
ence of  temperature  on  the  development  of  wheat  and  corn,  this  being 
reserved  for  another  paper,  yet  it  is  desired  to  give  a  brief  summary  in 
order  to  be  able  to  present  more  clearly  the  relation  of  the  hosts  to  the 
development  of  the  disease.  The  results  obtained  have  demonstrated 
that  temperature  is  one  of  the 
major  environmental  factors  in 
the  physiology  of  the  cereal  crops ; 
and,  therefore,  a  knowledge  of 
these  temperature  responses  is  of 
fundamental  importance  in  ex- 
plaining predisposition  to  disease. 
The  experiments  likewise  have 
shown  that  other  factors,  such  as 
soil  moisture  and  light  intensity, 
greatly  influence  predisposition 
to  disease.  Either  of  these  fac- 
tors, for  instance,  under  certain 
conditions,  may  completely  over- 
shadow temperature.  The  study 
of  environmental  factors  con- 
cerned in  the  development  of  the 
seedling-blight  has  served  to  bring 
out  clearly  the  fact  that  all  the 
environing  conditions  are  insepa- 
rably connected  and  that  the  de- 
gree of  blight  is  the  product  of  a 
number  of  factors,  any  one  of 
which  when  varied  may  start  a 
similar  set  of  reactions  within 
the  host  or  parasite.  It  seems 
necessary,  therefore,  to  study  the  responses  set  up  by  these  environing 
factors,  not  only  in  the  parasite  but  in  the  healthy  host  as  well. 


Fig.  4. — Graph  showing  relation  of  temperature  to  the 
vegetative  development  of  Gibberella  saubinetii  in 
artificial  culture.  The  optimum  temperature  for 
growth,  based  on  maximum  diameter  of  colony,  wa» 
34°  C  on  unacidified  agar  and  aS°  on  agar  acidified 
with  one  drop  of  25  per  cent  lactic  acid  per  Petri-dish 
plate. 


INFLUENCE   OF    SOIL   TEMPERATURE    ON   THE   DEVELOPMENT  OF    MARQUIS 

WHEAT 

Uniform,  plump  kernels  of  Marquis  wheat  were  selected  for  control  and 
inoculated  series  alike,  treated  with  mercuric-chlorid  solution  and  sown 
in  the  soil  temperature  cans.  The  soil  had  been  adjusted  to  the  proper 
moisture  content  and  placed  in  the  cans  several  days  previously.  The 
wheat  kernels  were  planted  at  a  uniform  depth  of  1.5  inches,  after  which 
the  cans  were  covered  for  36  hours  to  prevent  excessive  evaporation  from 
the  soil  surface.  After  uncovering  and  mulching,  the  containers  were 
made  up  to  their  original  weight  each  day  throughout  the  duration  of  the 


848  Journal  of  Agricultural  Research         vol.  xxm.  No 


experiments  by  adding  water  at  the  same  temperature  as  the  soil.  Data 
were  taken  on  the  number  of  plants  emerging,  rate  of  emergence,  general 
appearance,  rate  of  tillering,  number  of  tillers ;  and  in  some  few  instances 
the  plants  were  grown  to  maturity  and  the  influence  of  soil  temperature  on 
maturation  studied.  Upon  completion  of  the  experiments  the  roots  were 
carefully  washed  free  from  the  soil,  after  which  the  length  of  roots,  length 
of  the  subcrown  internode,  height  of  the  plants,  and  dry  weight  of  roots 
and  tops  were  determined  separately.  The  data  discussed  in  this  chapter 
are  given  in  condensed  form  in  the  seedling-blight  discussion.  The  data 
indicate  that  the  influence  of  soil  temperature  on  the  cereals  tested  seems 
to  be  greater  during  the  germination  period  than  at  any  other  stage  of 
their  development.  This  is  not,  however,  a  new  observation,  as  Gutzeit 
(12)  and  others  have  shown  this  to  be  true  for  other  plants  than  the 
cereals.  Sachs  (24),  Haberlandt  (13;  14,  p.  39-47,  69-78),  Bialoblocki 
(5),  Vinall  and  Reed  (31),  and  others  have  determined  the  cardinal  tem- 
peratures for  the  germination  of  wheat,  corn,  and  other  cereals.  Still 
others,  notably  Kincer  (22),  have  attempted  to  correlate  the  critical 
temperatures  for  germination  and  date  of  seeding. 

The  spring  wheat  emerged  first  at  about  2 8°  C,  at  which  temperature 
it  reached  the  surface  in  38  to  48  hours.  The  rate  of  emergence  decreased 
rapidly  above  this  soil  temperature — 280 — and  rather  gradually  below 
that  temperature.  The  seedlings  produced  at  soil  temperatures  above 
2 8°  emerged  very  irregularly  and  developed  unevenly.  On  the  other 
hand,  growth  was  very  uniform  at  the  lower  soil  temperatures,  even  at  8°. 
At  this  temperature  it  required  10  to  12  days  for  the  plants  to  emerge. 

The  comparative  rate  of  development  of  roots  and  plumules  of  the 
wheat  seedlings  at  low  and  high  soil  temperatures  was  indicative  of  a 
distinctly  different  type  of  metabolism  at  the  two  temperature  extremes. 
At  the  low  temperatures,  notably  8°  and  120  C,  the  roots  developed  first 
and  usually  were  several  centimeters  long  before  the  plumule  began  to 
develop;  whereas  at  the  high  temperatures,  notably  280  to  32 °,  the 
plumule  was  well  out  of  the  soil  before  the  roots  developed.  The  low 
temperatures  continued  to  stimulate  root  development  until  well  towards 
the  heading  period,  the  largest  root  system  for  spring  wheat  developing 
at  about  120  to  160. 

Elongation  of  the  subcrown  internode,  the  first  internodal  region 
between  the  seed  and  the  first  node,  was  greatly  stimulated  by  high  soil 
temperatures.  At  240  C.  and  above,  the  secondary  roots  developed  at  or 
near  the  soil  surface,  while  at  8°  subcrown  internode  elongation  was 
almost  entirely  inhibited,  the  first  node  and  secondary  roots  developing 
immediately  above  the  seed.  This  inhibition  of  the  subcrown  internode 
at  low  temperatures  persisted  even  when  the  seeds  were  sown  at  consid- 
erable depths  below  the  surface.  At  temperatures  of  160  or  above,  how- 
ever, deep  seeding  or  a  moist  dark  compartment  greatly  increased  the 
length  of  this  region,  bringing  the  secondary  roots  near  the  surface  of 
the  soil.  The  response  of  these  tissues  to  environing  factors  has  been 
described  by  Schroeder  (26),  Vogt  (32),  Halsted  and  Waksman  (15),  and 
others. 

Elongation  of  the  coleoptile,  on  the  other  hand,  was  inhibited  by  high 
soil  temperatures.  At  temperatures  above  200  C,  the  growing  point  of 
the  culm  always  broke  through  the  coleoptile  before  emerging  from  the 
soil.  At  temperatures  below  160,  however,  the  coleoptile  elongated  very 
much  faster  than  the  growing  point  of  the  culm  and  as  a  result  inclosed 
the  growing  culm  until  after  emergence,   thus   preventing  the   young 
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growing  tip  from  contact  with  the  soil  or  soil-inhabiting  organisms.  At 
8°,  for  instance,  the  coleoptile  usually  was  2  to  4  cm.  above  the  surface 
of  the  soil  before  the  first  leaf  pushed  through.  This  variation  in  type 
of  emergence  may  help  explain  the  protective  influences  of  low  soil 
temperatures  against  certain  diseases  of  the  small  grains. 

The  largest  top  production  during  the  early  seedling  stage  was  at  200 
to  240  C.  As  the  plant  increased  in  age  there  was  a  gradual  lowering  of 
the  optimum  temperature  for  development  of  tops,  until  in  the  later 
stages  of  development  the  best  top  development  resulted  at  12  °  to  160. 

The  rate  and  extent  of  tillering  of  spring  wheat  was  modified  at  the 
extremes  of  soil  temperature,  both  high  and  low.  The  plants  tillered 
first  at  the  temperatures  producing  most  rapid  emergence,  namely  240 
to  280  C,  which  indicated  somewhat  similar  cardinal  temperatures  at 
this  stage  of  development.  Only  a  limited  number  of  tillers  formed  at 
32  °  and  above.  Below  this,  soil  temperature  had  little  effect  on  tillering 
until  at  8°,  where  the  tillering  was  limited  to  two  or  three  culms  per  plant. 
The  maturation  of  the  wheat  plant  was  hastened  by  low  soil  temperatures. 
Hutcheson  and  Quanta  (19)  and  Appel  and  Gassner  (2)  have  shown  this 
to  be  true  for  several  of  the  small  grains.  The  plants  grown  continuously 
at  a  soil  temperature  of  160  were  the  first  to  head  and  mature.  The  time 
of  maturation  increased  slightly  with  variation  in  each  direction,  the 
plants  at  8°  maturing  at  approximately  the  same  time  as  those  at  240. 
At  temperatures  of  240  and  above,  the  heading  was  retarded  very  con- 
siderably, internodal  elongation  was  reduced,  and  leaf  production  stimu- 
lated, the  spring-wheat  plants  at  280  heading  when  only  10  to  12  inches 
high.  Heading  was  almost  entirely  inhibited  at  32  °  and  above,  regardless 
of  the  season  of  the  year. 

While  spring  wheat  germinated  more  rapidly  at  soil  temperatures  of  24° 
to  280  C,  the  germination  was  more  uniform  and  stronger  plants  resulted 
at  the  lower  temperatures — about  8°  to  160.  The  greatest  development 
of  roots  as  well  as  of  tops  occurred  at  the  lower  soil  temperatures.  The 
earliest  maturing,  most  stocky,  and  best  filled  plants  resulted  at  soil 
temperatures  of  about  160. 

INFLUENCE    OF    SOIL    TEMPERATURE    ON    THE    DEVELOPMENT    OF    TURKEY 

WHEAT 

The  cardinal  temperatures  for  the  development  of  Turkey  winter  wheat 
were,  in  general,  about  40  C.  below  those  for  spring  wheat.  The  responses 
were  very  similar,  except  that  winter  wheat  tillered  excessively  at  soil 
temperatures  of  240  and  above,  and  maturation  was  inhibited  by  this 
and  higher  soil  temperatures.  Plants  grown  continuously  at  soil  tem- 
peratures of  2 8°  and  above  were  not  only  checked  in  their  internodal 
elongation,  but  failed  to  form  even  the  embryonic  floral  organs,  the  leafy 
vegetative  development  continuing  throughout  the  season.  Chemical 
analyses  showed  this  to  be  a  carbohydrate  nitrogen  balance  similar  to 
that  described  by  Kraus  and  Kraybill  {23)  in  the  tomato.  The  analytical 
data  will  be  discussed  in  detail  in  a  later  paper. 

INFLUENCE    OF     SOIL    TEMPERATURE     ON    THE    DEVELOPMENT    OF    CORN 

Disease-free,  uniformly  matured  corn  was  selected  for  all  the  tem- 
perature experiments.  Usually  the  seed  for  the  entire  series  of  experi- 
ments was  taken  from  a  single  ear.     The  corn  was  planted   1.5  inches 
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deep  after  the  cans  had  been  prepared  as  previously  described  for  the 
wheat  series. 

Corn  emerged  first  at  the  soil  temperature  of  32 °  C.  The  rate  of 
emergence  decreased  gradually  below  this  temperature  to  240.  Below 
this  it  decreased  relatively  rapidly  to  120,  where  emergence  occurred  in 
about  14  to  16  days.  These  results  correspond  very  well  with  those  given 
for  corn  by  Sachs  (24),  Haberlandt  (13;  14,  p.  39-47,  69-78),  Halstead 
and  Waksman  (15),  Vinall  and  Reed  (31),  and  others.  At  a  soil  temper- 
ature of  8°,  although  germination  occurred,  the  growth  processes  were 
slowed  up  to  such  an  extent  that  the  plumule  rarely  reached  the  surface. 
At  the  end  of  two  or  three  months'  time,  at  this  low  temperature,  the 
roots  elongated  10  to  12  cm.  and  the  plumule  had  grown  several  centi- 
meters when  the  reserves  were  exhausted  and  the  plant  succumbed  to 
the  attack  of  various  soil  organisms.  Only  occasionally  at  8°  did  a 
few  plants  emerge  and  become  green.  The  uniformity  of  emergence  and 
stand  decreased  rapidly  below  200. 

The  seedlings  produced  at  the  low  soil  temperatures  were  stocky,  very 
succulent,  and  brittle.  The  leaves  were  dark  green  at  soil  temperatures 
from  240  to  1 6°  C.  Below  this  the  intensity  of  green  decreased  until 
at  120  the  leaves  were  distinctly  chlorotic. 

The  influence  of  soil  temperature  on  the  comparative  development  of 
the  root  and  plumule  of  the  corn  seedling  was  similar  to  that  in  the  wheat 
seedling,  although  not  so  marked.  Root  development  was  stimulated 
at  the  lower  soil  temperatures  and  plumule  development  inhibited, 
especially  the  growing  tip,  the  coleoptile  elongating  much  more  rapidly 
than  the  shoot.  As  in  wheat,  the  first  leaf  did  not  rupture  the  coleoptile 
at  the  low  temperatures  until  entirely  out  of  the  ground. 

The  largest  root  system,  irrespective  of  the  age  of  the  plant,  developed 
at  soil  temperatures  of  about  200  C.  The  heaviest,  as  well  as  the  longest, 
tops  developed  at  about  240  during  the  earlier  period  of  growth  and 
at  about  280  in  the  later  stages  of  development. 

Corn,  unlike  wheat,  matured  faster  at  the  higher  temperatures,  the 
floral  parts  developing  first  at  about  320  to  280  C.  It  has  not  been 
possible,  due  to  the  retarded  vegetative  development,  to  mature  corn 
in  the  tanks  at  soil  temperatures  below  160. 

In  general,  then,  corn  functioned  at  much  higher  soil  temperatures 
than  wheat,  the  optimum  for  emergence  was  320  C,  and  the  largest, 
most  uniform  seedlings  resulted  at  240  to  280. 

These  results  indicate  that  seedlings  of  spring  and  winter  wheat  and 
corn  develop  most  vigorously  and  most  uniformly  at  the  following  soil 
temperatures:  Spring  wheat,  160  to  200  C;  winter  wheat,  120  to  160; 
and  corn  240  to  280. 

INFLUENCE  OF   SOII,  TEMPERATURE  ON  THE  DEVELOPMENT  OF   SEEDUNG- 

BEIGHT  IN   MARQUIS  WHEAT 

Studies  on  the  influence  of  temperature  on  the  development  of  the 
parasite  have  shown  that  germination  of  the  conidia  and  vegetative 
growth  take  place  over  a  wide  temperature  range  from  below  8°  to  about 
32 °  C.  Accordingly  a  set  of  experiments  was  started  to  determine  the 
range  and  optimum  temperature  for  infection  of  wheat  seedlings. 

Uniform  disease-free  kernels  were  treated  with  mercuric  chlorid  and 
after  washing  thoroughly  were  soaked  in  a  water  suspension  of  conidia 
of  Gibberella  saubinetii  for  10  minutes,  lifted  out  with  sterile  forceps, 
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and  placed  in  the  sterilized  soil  in  the  cans.  All  series  except  two  were 
inoculated  with  a  spore  suspension  of  65,000  conidia  per  cubic  centi- 
meter. Two  series  were  given  a  heavier  inoculation  with  325,000  conidia 
per  cubic  centimeter.  General  growth  data  were  taken  on  the  inoculated 
and  control  plants  of  each  series.  In  addition,  daily  notes  were  taken  on 
the  number  of  seedlings  showing  slight  blighting  and  wilting,  and  finally 
upon  the  completion  of  the  experiments  the  soil  was  carefully  washed  on 
a  screen  and  each  kernel  examined  for  evidence  of  germination.  The 
columns  in  Tables  V  to  VII  headed  "average  percentage  of  germination" 
represent  the  total  number  of  kernels  which  had  germinated.  The 
percentage  of  kernels  germinating,  the  percentage  emerging,  the  per- 
centage of  disease-free  seedlings,  and  the  percentage  of  blighted  kernels 
were  recorded  for  each  series.  The  data  presented  in  Table  V  represent 
an  average  of  eight  different  experiments.  The  results  from  each  were 
uniform  enough  to  warrant  taking  an  average  and  explaining  the  few 
variations  in  the  discussion  of  results. 

Table  V. — Influence  of  soil  temperature  on  the  development  of  seedling-blight  in  Marquis 

wheat 

[Average  of  eight  experiments.] 
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68 
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49 
43 

19 

32 

32 
36 

4 
6 

77 
41 

7i 
16 

73 
5i 

54 
38 

19 
13 

The  influence  of  soil  temperature  on  the  parasite  and  the  hosts  has 
been  discussed  in  detail  earlier  in  the  paper.  The  general  rate  of  develop- 
ment of  the  seedling,  that  is,  the  rate  of  emergence  and  rate  of  tillering 
and  maturing,  was  not  greatly  altered  by  the  presence  of  the  parasite. 
The  number  of  plants  emerging,  the  general  appearance  of  the  plants, 
the  length  of  roots,  and  the  height  of  plants  as  well  as  the  weight  of  both 
roots  and  tops,  however,  were  greatly  modified  by  the  presence  of  the 
parasite. 

The  germination  of  spring  wheat  inoculated  with  conidia  of  Gibberella 
saubinetii  was  reduced  by  soil  temperatures  between  120  and  2 8°  C. 
At  a  soil  temperature  of  8°,  however,  the  germination  was  equal  to 
that  of  the  controls  in  every  series  grown.  At  120  the  germination 
was  reduced,  on  the  average,  only  2  per  cent  (Table  V  and  fig.  5),  while 
at  soil  temperatures  of  160  to  2 8°  the  germination  was  lowered  about  8 
per  cent  in  each  case.  The  growth  of  the  parasite  apparently  was 
sufficiently  rapid  to  penetrate  and  kill  a  number  of  the  embryos  before 
they  had  increased  greatly  in  size,   thus  reducing  germination  very 
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materially  within  this  temperature  range.  At  32  °  and  above  the  reduc- 
tion in  germination  of  the  inoculated  series  was  less,  in  many  of  the 
series  the  percentage  germination  being  as  high  as  that  in  the  controls. 
At  these  higher  temperatures,  32 °  and  360  C,  the  germination  of 
both  controls  and  inoculated  seed  was  reduced  by  what  was  apparently 
Trichoderma,  Penicillium,  and  other  soil  organisms  attacking  the  endo- 
sperm. The  germination  of  the  wheat  or  corn  was  not  indicative  of 
the  extent  of  damage  done  by  the  organism,  since  many  of  the  kernels 
germinated  and  were  blighted  afterward. 

The  emergence  of  the  seedlings,  therefore,  was  a  better  indication  of 
early  blighting,  although  in  many  cases,  especially  at  soil  tempera- 
tures of  1 6°  and  200  C,  25  per  cent  of  the  seedlings  blighted  after  emerg- 
ing. The  final  index,  therefore,  was  the  percentage  of  disease-free 
and  blighted  plants  at  the  close  of  the  seedling  stage,  or  about  the  fourth- 
leaf  stage.     Ater  this  period  little,  if  any,  blighting  occurred. 

The  seedling-blight  of  spring  wheat  did  not  occur  at  soil  temperatures 
of  8°  C.  or  below  unless  moisture  and   other  environing  factors  were 

varied  outside  of  their  critical 
range.  At  120,  which  was  about 
the  critical  soil  temperature  for 
the  production  of  seedling-blight, 
both  in  the  tanks  and  in  the 
field,  series  grown  with  a  low 
light  intensity  blighted  badly, 
whereas  series  grown  in  good 
light  showed  only  a  relatively 
medium  degree  of  blight.  In  two 
series  of  Marquis  wheat  the  tem- 
peratures were  set  at  io°  instead 
of  120,  with  the  result  that 
seedling-blight  was  reduced  75 
per  cent  below  that  at  a  soil 
temperature  of  120.  The  blight 
was  most  severe  at  soil  temper- 
atures of  1 6°  to  240.  At  this 
range  the  seedlings  were  blighted 
before  emerging  and  also  showed  yellowing  and  wilting  during  the  first- 
leaf  and  second-leaf  stages.  At  the  higher  temperatures,  280  and  higher, 
the  blighting  usually  occurred  after  the  seedlings  had  emerged.  At  these 
temperatures  also,  as  previously  stated,  the  reduction  in  germination  by 
the  parasite  became  less  marked.  The  maximum  rate  of  emergence  of 
the  seedling  occurred  at  about  this  same  temperature  range.  In  all 
probability,  therefore,  the  seedling  developed  so  rapidly  at  these  temper- 
atures that  infection  did  not  take  place  until  after  emergence  (PI.  5,  C). 
The  average  dry  weight  per  plant,  of  roots  and  of  tops,  was  the  same 
in  the  inoculated  and  uninoculated  series  at  the  soil  temperature  of 
8°  C.  At  soil  temperatures  of  160  to  280  the  weight  of  both  roots  and  tops 
in  the  inoculated  series  decreased  several  per  cent  below  that  in  the  con- 
trols, which  indicated  the  action  of  the  parasite  on  the  roots  of  the 
remaining  plants  even  though  blighting  did  not  occur. 

At  the  higher  temperatures,  32 °  to  360  C,  there  was  considerable 
reduction  in  the  germination  and  some  blighting  in  both  control  and 
inoculated  series,  especially  when  grown  in  nondisinfected  soil.  Isola- 
tions from  such  seedlings  gave  some  Gibberella  saubinetii  at  32 °  but 
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Fig.  5.— Graph  showing  relation  of  soil  temperature  to 
the  development  of  seedling-blight  of  Marquis  wheat. 
Average  of  eight  experiments.  The  distance  between 
the  heavy  and  light  lines  shows  the  percentage  of 
seedling-blight.  The  wheat  seedlings  blighted  at  tem- 
peratures from  about  12°  to  about  34°  C 
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none  at  360.  The  preponderance  of  platings  gave  what  was  apparently 
Trichoderma,  Penicillium,  Rhizopus,  and  Aspergillus  in  the  order 
named.  These  organisms  generally  invaded  the  endosperm  and  devel- 
oped from  there  into  the  seedling. 

At  other  soil  temperatures,  120  to  28°C,  Gibberella  saubinetii  was  univer- 
sally reisolated,  generally  in  pure  culture  even  in  unsterilized  soil,  if  the 
seedlings  were  plated  before  they  were  badly  decomposed.  At  soil 
temperatures  of  200  to  280  perithecia  were  often  formed  in  gregarious 
masses  on  the  first-leaf  sheath  of  the  blighted  seedlings  near  the  surface 
of  the  soil. 

Infection  takes  place  and  the  blight  progresses,  then,  at  or  above 
120  C,  but  it  is  rather  evident  that,  for  very  severe  development  of  the 
blight,  a  soil  temperature  above  160  and  below  2 8°  is  necessary.  Since 
the  attack  of  the  organism  is  chiefly  on  the  young  seedling,  the  range  of 
temperature  during  the  "nursing  period"  is  undoubtedly  the  important 
factor  in  determining  the  severity  of  this  stage  of  the  disease. 


INFLUENCE  OF  SOIL  TEMPERATURE  ON  THE  DEVELOPMENT  OF   SEEDLING- 
BLIGHT    IN   TURKEY  WHEAT 

The  seven  different  series  of  Turkey  wheat  were  handled  as  previously 
described  for  Marquis  wheat  experiments,  except  that  all  of  the  winter 
wheat  was  grown  in  the  fall  or  early  winter.  All  the  series  were  in- 
oculated with  the  more  dilute  conidial  suspension,  containing  65,000 
conidia  per  cubic  centimeter  of  solution.  Data  similar  to  those  obtained 
for  Marquis  wheat  were  obtained  in  all  cases.  The  average  results  of  the 
seven  experiments  are  given  in  Table  VI  and  shown  graphically  in 
Figure  6. 

Table  VI. — Influence  of  soil  temperature  on  the  development  of  seedling-blight  in  Turkey 

wheat 

[Average  of  seven  experiments.] 
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The  response  of  winter  wheat  to  the  blight  was  similar,  in  almost 
all  cases,  with  that  described  for  spring  wheat  in  the  previous  pages. 
The  only  differences  noticeable  were  that  blighting  was  more  severe  at 
200  in  the  Marquis  series  and  was  less  extensive  in  the  winter  wheat 
seedlings  at  a  soil  temperature  of  120  C.  The  average  percentage  of 
blighted  seedlings  in  the  winter  wheat  was  less  at  all  temperatures,  but 
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as  all  of  these  series  were  inoculated  with  the  suspension  of  325,000 
conidia  per  cubic  centimeter,  these  differences  can  be  partially  ex- 
plained. There  was,  however,  some  evidence  that  Turkey  wheat  was 
less  susceptible  to  the  blight  than  the  Marquis  wheat.  More  experi- 
ments are  necessary  with  these  two  wheat  varieties  to  confirm  these 
results. 

In  comparing  the  influence  of  temperature  on  the  parasite  in  pure 
culture  and  on  the  production  of  the  blight  of  wheat  seedlings,  the 
temperature  influence  at  first  thought  seems  rather  simple.  It  appears 
that  wheat  is  capable  of  growing  at  soil  temperatures  lower  than  those 
at  which  the  parasite  can  develop  and  become  parasitic.  The  wheat 
plant,  therefore,  escapes  the  disease,  the  blight  occurring  only  at  tem- 
peratures which  stimulate  the  growth  of  the  parasite.  Such  a  relation- 
ship was  pointed  out  by  Clayton  °  in  the  tomato-wilt  caused  by  Fusarium 
lycopersici  Sacc,  where  the  wilt  curve  produced  in  response  to  soil  tem- 
perature coincides  with  the  growth  curve  of  the  organism  in  pure  culture, 

the  optimum  for  both  occurring 
at  about  28°-  C.  Upon  closer 
analysis,  however,  the  relation- 
ship seems  far  more  complex  and 
distinctly  different  from  that  ex- 
isting in  the  tomato-wilt  problem. 
The  parasite  has  an  extremely 
wide  temperature  range  for  both 
spore  germination  and  growth, 
and  furthermore,  while  a  histo- 
logical study  of  the  wheat  seed- 
lings at  the  low  temperatures 
demonstrated  an  abundance  of 
the  mycelium  of  the  parasite 
around  the  subterranean  portions 
of  the  seedlings,  yet  no  penetra- 
tion could  be  detected.  The 
hyphae  were  twisted  around  the 
root  hairs  and  matted  on  the 
cortex  of  the  roots  and  coleoptile.  In  many  places  swollen  tips  of  the 
hyphae  were  pressed  tightly  into  the  intercellular  spaces  on  the  epidermis 
of  the  coleoptile  and  against  the  root  hairs,  yet  were  seemingly  unable 
to  penetrate  between  the  cells  or  gain  entrance  through  the  membrane 
of  the  root  hairs,  whereas  at  the  high  temperatures  the  hyphae  readily 
penetrated  any  of  the  young  seedling  tissues,  gaining  entrance  through 
the  root  hairs  as  well  as  through  the  epidermal  cells  of  the  coleoptile, 
subcrown  internode,  and  roots. 

These  studies,  then,  seemed  to  indicate  a  relationship  at  least  between 
host  and  parasite  almost  the  reverse  of  that  in  the  tomato-wilt.  The 
influence  of  environment  upon  the  host  appeared  to  be  the  fundamental 
cause  of  the  response.  The  wheat  seedling  seemingly  was  unable  to 
react  favorably  to  the  higher  soil  temperatures  and  thus  succumbed  to 
the  blight.  The  results  have  shown  that  a  short  exposure  to  high  tem- 
peratures during  the  germination  period  unbalanced  the  wheat  seedling 
and  thus  made  it  susceptible  to  the  parasite. 

'  Prom  unpublished  data  of  studies  conducted  in  the  Department  of  Plant  Pathology,  University  of 
Wisconsin. 


Pig.  6. — Graph  showing  relation  of  soil  temperature  to 
the  development  of  seedling-blight  of  Turkey  wheat. 
Average  of  seven  experiments.  The  distance  between 
the  heavy  and  light  lines  shows  the  percentage  in 
seedling-blight.  Compare  with  spring  wheat  of 
figure  5. 
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INFLUENCE   OF   SOIL   TEMPERATURE   ON   THE   DEVELOPMENT  OF   SEEDLING- 
BLIGHT    IN    CORN 

The  experiments  on  the  relation  of  soil  temperature  to  the  seedling- 
blight  of  wheat  have  shown  that  blight  'toes  not  occur  much  below  i2°C, 
and  that  at  120  and  above  the  wheat  seedling  becomes  susceptible  to 
attack.  The  investigations  seem 
to  demonstrate  further  that  the 
response  of  the  host  to  soil 
temperature  rather  than  that  of 
the  parasite  must  be  considered 
as  the  chief  explanation  of  these 
differences.  Accordingly,  another 
series  of  experiments  was  started 
with  a  different  host,  namely, 
corn,  which  is  a  comparatively 
warm-climate  crop  and  is  sus- 
ceptible to  the  same  parasite, 
Gibberella  saubinetii. 

The  seed  for  each  series  of  ex- 
periments was  taken  from  the 
same  ear  of  corn.  The  method 
of  inoculation  and  planting  was 
identical  with  that  previously  de- 
scribed for  wheat.  Observations 
comparable  to  those  recorded  for 
wheat  were  made;  in  fact,  in  all 
but  two  series  wheat  was  grown  simultaneously  with  corn  in  the  same  tem- 
perature tanks.  The  data  given  in  Table  VII  and  shown  graphically  in 
figure  7  represent  the  average  of  seven  different  series  of  corn  experiments. 

Table  VII. — Influence  of  soil  temperature  on  the  development  of  seedling-blight  of  corn 

[Average  of  seven  experiments.] 


Fig.  7. — Graph  showing  relation  of  soil  temperature  to 
the  development  of  seedling-blight  of  corn.  The  dis- 
tance between  the  heavy  and  light  lines  shows  the 
percentage  of  seedling-blight.  Compare  with  seedling- 
blight  of  wheat  in  figures  5  and  6. 


Average 

soil 
temper- 
ature 

•c. 

Average 

number  of 

days  to 

emerge. 

Control. 

Inoculated  with  Gibberella  saubinetii 

Average  of 
percentage 
germina- 
tion. 

Average 

percentage 

of  healthy 

plants. 

Average 
percentage 
of  germi- 
nation. 

° 
20 

54 

89 

100 

94 
100 

97 

Average 

percentage 

of  healthy 

plants. 

O 
II 
12 
42 
73 

93 

100 

77 

Average 

percentage 

of  blighted 

or  diseased 

plants. 

8 
12 
16 
20 

24 
28 

32 
36 

5° 
77 
96 

97 

92 

100 

97 
98 

O 

9 

42 

47 

27 

1 

i5-7 
9-7 
5-7 
5° 
3-6 

3-° 
3-6 

72 
92 

95 

92 

100 
90 
85 

a  20 

•  No  blighting;  killed  chiefly  by  high  soil  temperatures. 


The  rate  of  development,  at  least  during  the  seedling  stage,  was 
checked  slightly  by  the  introduction  of  the  parasite  at  soil  temperatures 
below  240  C,  but  above  this  no  differences  were  detected. 
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The  germination  of  the  corn  inoculated  with  conidia  of  Gibberella 
saubineiii  was  influenced  by  soil  temperatures  between  8°  and  200  C. 
At  a  soil  temperature  of  8°  the  embryos  of  all  the  kernels  were  invaded 
and  killed  before  germination.  Germination  was  reduced  an  average 
of  57  per  cent  below  the  controls  at  120  and  42  per  cent  at  160.  At  200 
the  reduction  in  germination  was  strikingly  less,  only  8  per  cent,  and  at 
240  all  the  kernels  germinated  in  the  seven  series  grown. 

Only  a  few  of  the  seedlings  emerged  in  the  controls  and  none  in  the 
inoculated  series  at  8°  C.  At  120  about  50  per  cent  of  the  seedlings  in 
the  inoculated  series  reached  the  surface  before  blighting,  the  remain- 
ing plants  usually  blighting  when  the  plumule  was  from  1  to  3  cm.  long. 
Above  this  temperature  practically  all  the  seedlings  emerged  and  wilted 
while  in  the  first-leaf  or  second-leaf  stage  (PI.  4). 

AH  the  corn  plants  at  8°  C.  blighted;  all  but  about  12  per  cent  blighted 
at  120;  about  half  of  them  blighted  after  wilting  at  200;  only  a  few 
wilted  at  240,  and  these  were  chiefly  in  two  series  of  a  very  suscept- 
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Fig.  8.— Graph  showing  relation  of  soil  temperature  to  the  vegetative  development  of  the  parasite  and 
the  production  of  the  disease.  A  graphic  summary  of  the  vegetative  development  of  Gibberella  sau- 
bineiii in  artificial  culture  and  the  comparative  quantities  of  seedling-blight  of  corn  and  wheat  at  different 
soil  temperatures.     The  black  portion  of  the  circle  shows  the  average  percentage  of  blighted  seedlings. 

ible  strain  of  Ninety-Day  corn.  Many  of  the  plants  showed  root  lesions 
and  some  were  weakened  by  the  root  attack  but  usually  were  capable 
of  recovering  and  later  making  a  medium  growth,  especially  if  put  at 
the  higher  temperatures.  A  few  plants  at  280,  in  the  two  series  pre- 
viously mentioned,  showed  small  root  lesions  but  none  sufficient  to 
hinder  the  development  of  the  plant.  The  blight  was  most  severe  at  8° 
to  1 6°,  where  only  a  few  plants  survived,  and  stopped  abruptly  at  240. 
At  this  temperature  root  lesions  occurred  in  a  few  cases  but  in  most  of 
the  series  did  little  damage  to  the  plants. 

The  average  dry  weight  per  plant  of  roots  and  tops  of  the  so-called 
disease-free  plants  in  the  inoculated  series  at  temperatures  from  120  to  240 
C. ,  was  much  below  that  of  the  control  plants ;  above  this  temperature  the 
weights  were  approximately  the  same. 

The  parasite  was  isolated  in  pure  culture  from  the  seedlings,  the 
endosperms,  and  the  roots  of  the  blighted  and  diseased  seedlings.  After 
remaining  in  the  soil  a  week  or  two  there  was  a  development  of  sapro- 
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phytes,  especially  bacteria,  which  often  crowded  out  Gibbcrella  saubinetii 
entirely. 

In  com,  infection  takes  place  and  blight  progresses,  then,  at  all  tempera- 
tures below  240  C.  The  most  rapid  development  of  the  disease  and  the 
maximum  blighting  occur  at  120  and  160.  Below  this,  namely,  at  8°, 
where  wheat  is  entirely  resistant  to  the  attack  of  this  parasite,  corn 
succumbs  entirely  (fig.  8  and  PI.  4  and  5). 

As  the  temperature  range  for  the  production  of  blight  in  this  warm- 
climate  plant  is  the  reverse  of  that  for  wheat,  a  cool-temperature  plant, 
it  is  only  logical  to  say  that  this  parasite  is  capable  of  attacking  both 
hosts  during  their  seedling  stages  when  they  are  subjected  to  unfavor- 
able environmental  conditions.  This  fact  is  brought  out  even  more 
strikingly  in  the  following  combined  moisture  and  temperature  studies. 


INFLUENCE  OF   SOIL   MOISTURE  ON  THE   DEVELOPMENT  OF   SEEDLING- 
BLIGHT   IN   WHEAT 

Earlier  studies  conducted  in  connection  with  this  problem  demon- 
strated that  the  influence  of  moisture  on  the  seedling-blight  of  wheat 
was  similar  to  that  of  temper- 
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ature,7  for  low  soil  moistures  in- 
creased the  susceptibility  of  the 
wheat  seedling  and  thus  increased 
the  virulence  of  the  attack.  The 
influence  of  soil  moisture  grad- 
ually decreased  until  at  45  to  50 
per  cent  of  the  moisture-holding 
capacity  of  the  soil  this  factor 
ceased  to  influence  blighting. 
As  a  consequence  all  the  tem- 
perature experiments  were  con- 
ducted with  a  soil  at  60  per 
cent  of  the  moisture-holding 
capacity,  assuming  that"  in  this 
way  moisture  could  be  separated 
irorn  temperature  and  the  critical 
range  of  the  latter  be  determined. 
In  order  to  study  further  the 
influence  of  moisture  on  the 
host  and  parasite  two  different 
temperature  series  of  plants  were 
grown  at  three  different  soil- 
moisture  contents,  30,  45,  and  6°  per  cent  of  moisture-holding  capacity. 
The  cans  of  soil  at  different  moisture  contents  were  prepared,  inocu- 
lated, and  sown  as  described  in  the  previous  experiments.  The  seed 
was  inoculated  with  the  heavy  conidial  suspension,  325,000  conidia  per 
cubic  centimeter,  in  order  to  get  the  maximum  temperature  and  moisture 
response.  The  average  percentage  results  of  the  two  series  are  given  in 
Table  8  and  figure  9. 


20  St         28         32 

m  utifwnvncDCimjccNTiaw 


1_ 


Fig.  9. — Graph  showing  relation  of  soil  temperature 
and  moisture  to  the  development  of  seedling-blight 
of  wheat.  Compare  the  solid  lines  with  the  broken 
lines.  Note  the  abundant  blighting  at  8°  C  in  the 
soil  with  a  moisture  content  of  30  per  cent  of  the  mois- 
ture-holding capacity. 


'Credit  is  gladly  given  to  Mr.  B.  Kochler  for  conducting  the  earlier  studies  on  the  relation  of  soil  moisture 
to  seedling-blight. 
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Table  VIII. — Influence  of  soil  temperature  with  varying  degrees  of  soil  moisture  on 
the  development  of  seedling-blight  of  wheat 


[Average  of  two  experiments] 


Aver- 
age 
soil 
tem- 
pera- 
ture. 

30  per  cent  moisture-holding 
capacity. 

4;  per  cent  moisture- 
holding  capacity. 

60  per  cent  moisture-holding 
capacity. 

Control. 

Inoculated. 

Inoculated. 

Control. 

Inoculated. 

Per- 
cent- 
age 
germ- 
ina- 
ted. 

Per- 
cent- 
age 
dis- 
ease- 
free. 

Per- 
cent- 
age 
germ- 
ina- 
ted. 

Per- 
cent- 
age 
dis- 
ease- 
free 

Per- 
cent- 
age 
dis- 
eased. 

72 
84 
84 
76 
60 
44 
36 
"56 

Per- 
cent- 
age 
germ- 
ina- 
ted. 

Per- 
cent- 
age 
dis- 
ease- 
free. 

Per- 
cent- 
age 
dis- 
eased . 

Per- 
cent- 
age 
germ- 
ina- 
ted. 

Per- 
cent- 
age 
dis- 
ease- 
free. 

90 
IOO 

95 
89 
90 
86 

87 
0 

Per- 
cent- 
age 
germ- 
ina- 
ted. 

Per- 
cent- 
age 
dis- 
ease- 
free. 

Per- 
cent- 
age 
dis- 
eased . 

■c. 

8 

12 

16 
19 
23 
27 

3i 
35 

96 
IOO 
IOO 
88 
76 
92 
92 
36 

96 
IOO 

96 
84 
76 
76 

72 

0 

88 
96 
92 
80 
72 
60 
64 
64 

16 

12 

8 

4 
12 
16 
28 

0 

IOO 
80 

72 

52 
96 
88 

IOO 

48 

56 
24 
20 
20 

8 

24 
32 

12 

44 
56 
52 
32 
84 
64 
68 
a  12 

90 
IOO 

95 
95 
95 
92 

87 
0 

96 
96 
86 
88 
84 

84 
96 

44 

96 
48 
22 
18 
36 
26 
60 
12 

O 
48 
64 
70 
48 
58 
36 
32 

•  Balance  killed  by  high  soil  temperatures. 

In  the  control  series  the  germination  and  number  of  disease-free  seed- 
lings at  the  two  different  soil-moisture  contents,  30  and  60  per  cent  of 
the  moisture- holding  capacity,  were  the  same  at  the  lower  temperatures. 
At  the  higher  temperatures,  however,  the  low  soil  moisture  slightly 
inhibited  germination  and  plant  development. 

In  the  inoculated  series,  on  the  other  hand,  the  germination  percentageof 
seedlings  emerging  and  the  percentage  of  blighted  seedlings  were  greatly 
increased  in  the  low  soil  moistures  and  even  at  the  low  soil  temperatures. 
Soil  moisture,  then,  became  the  limiting  environmental  factor  to  such  an 
extent  that  even  the  resistance  in  the  seedlings  at  the  low  temperatures 
was  broken  down.  At  the  8°  C.  soil  temperature,  for  instance,  72  per 
cent  of  the  seedlings  grown  at  30  per  cent  moisture  were  blighted,  48  per 
cent  of  them  before  emerging,  while  44  per  cent  of  the  seedlings  grown 
at  45  per  cent  moisture  were  blighted,  and  24  per  cent  of  these  were 
blighted  before  emerging.  This  was  in  marked  contrast  to  the  results  at 
60  per  cent  moisture,  where,  as  in  the  previous  experiments,  no  blight 
occurred.  The  percentage  of  blighted  seedlings  was  correspondingly 
increased  by  low  soil  moisture  at  all  temperatures  (PI.  5). 

Soil  moisture,  then,  was  another  important  factor  in  predisposing 
the  seedlings  to  attack  by  Gibberella  saubinetii.  And  when  moisture 
was  the  limiting  factor,  it  was  impossible  to  obtain  the  true  temperature 
influences. 

TEMPERATURE  AND  MOISTURE  EXPERIMENTS  IN  THE  FIELD 

The  greenhouse  experiments  have  demonstrated  that  wheat  and 
corn  seedlings  become  susceptible  to  the  wheat-scab  parasite  only  when 
under  unfavorable  environmental  conditions,  which  may  be  a  single 
factor,  such  as  temperature,  moisture,  soil  reaction,  and  others,  or  a 
combination  of  several  of  these  factors.  These  experiments  have  shown, 
further,  that  the  two  hosts  respond  conversely  to  at  least  one  factor, 
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namely,  temperature.  That  is,  wheat  blights  in  a  comparatively  warm 
soil  above  120  C,  whereas,  on  the  other  hand,  corn  blights  in  a  cool 
soil  below  200  to  240.  Inasmuch  as  certain  of  these  factors,  especially 
temperature  and  moisture,  play  an  important  role  in  forming  the  field 
environment  for  both  wheat  and  corn  seedlings,  a  series  of  periodic 
field  sowings  were  made  at  Madison,  Wis.,  during  the  spring  and  fall 
of  1920  and  the  spring  of  1921.  These  should  point  toward  possible 
remedial  measures  for  this  and  similar  seedling  diseases  of  the  cereal 
crops  as  well  as  check  against  the  greenhouse  results. 

A  uniform  plot  of  land  was  prepared  for  the  spring  sowings  in  the 
previous  fall  and  reworked  at  the  earliest  possible  date  in  the  spring. 
It  has  happened  in  the  past  two  years  that  early  in  March  the  soil  has 
warmed  and  dried  sufficiently  to  permit  the  installation  of  the  thermo- 
graphs and  electrical  resistance 
thermometer  bulbs  to  obtain  soil- 
temperature  readings  and  to  sow 
the  first  wheat.  Following  this 
the  temperatures  have  gone  down 
again  during  the  remainder  of 
March  and  most  of  April.  It 
has  been  possible  in  this  way,  by 
watching  the  daily  soil  temper- 
ature and  moisture,  to  make 
seedings  at  different  intervals, 
especially  a  few  days  after  a 
rain  when  moisture  was  well 
within  the  limits  of  plant  re- 
sponse (fig.  2),  which  would 
throw  the  germination  period 
of  the  grain  at  soil  temperatures 
below  or  above  the  critical  tem- 
peratures for  seedling-blight.    B y 

this  method  it  has  been  possible  to  check  the  constant  soil-temperature 
studies  in  the  greenhouse  with  fluctuating  field  temperatures. 

RELATION    OF    DATE    OF    SEEDING    TO    THE    DEVELOPMENT    OF    SEEDLING- 
BLIGHT   IN    MARQUIS   WHEAT 

EXPERIMENT  IN   1920 

Two  sowings  were  made  on  March  31  and  April  22,  which  germinated 
before  the  average  mean  soil  temperature  was  above  120  C.  Following 
this,  two  sowings  were  made  on  May  1  and  10,  which  germinated  with  an 
average  mean  soil  temperature  between  120  and  150.  Finally,  a  sowing 
was  made  on  June  9,  during  a  period  when  the  average  mean  soil  tem- 
perature was  about  260,  and  the  maximum  running  up  to  360  for  several 
hours  during  the  middle  of  the  day.  Each  sowing  of  these  different 
periodic  series  consisted  of  10  rod  rows  for  control  and  inoculated  seed 
and  5  rod  rows  for  scabbed  seed.  The  duration  of  the  germination 
period,  the  percentage  stand  of  disease-free  plants,  and  the  average  mean 
temperatures  are  given  in  Tables  IX  and  X  and  shown  graphically  in 
figure  10.  The  mean  daily  and  daily  maximum  soil  temperatures  4 
inches  below  the  surface  and  mean  daily  air  temperatures  6  inches  above 
the  soil,  together  with  the  percentages  of  healthy  plants  in  the  different 
seedings,  are  given  in  figure  1 1 . 


Fig.  10. — Graph  showing  relation  of  date  of  seeding  to 
the  development  of  seedling-blight  of  Marquis  wheat 
in  1920.  No  blight  occurred  in  the  cool  soil  during 
March  and  April  when  the  mean  soil  temperature  was 
below  13°  C  On  the  other  hand,  abundant  blight 
developed  in  the  later  seedings,  May  i  and  10,  until 
the  high  soil  temperatures  of  June  inhibited  the  devel- 
opment of  the  parasite.     (Summary  of  fig.  n.) 
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Fig.  ii. — Graphs  showing  soil  and  air  temperatures  for  the  season  of  1920  and  percentage  of  stand  of  spring 
and  winter  wheat  sown  at  different  dates.  A,  Fall-sown  Turkey  wheat;  B,  spring-sown  Marquis 
wheat.  The  squares  of  the  graph  paper  are  filled  in  for  the  seedling  period  of  each  sowing,  as,  for  in- 
stance, August  24  to  29.  This  represents  the  period  during  which  the  enviromental  factors  influenced 
the  development  of  seedling-blight.  To  avoid  confusion  the  Curves  for  percentage  of  stand  of  plants 
are  plotted  on  the  date  sown.  The  distance  between  the  solid  lines  and  broken  lines  showing  stand  of 
control  and  inoculated  plots  represents  the  percentage  of  seeding-blight. 
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Table  IX. — Average  soil  and  air  temperatures  during  germination  periods  of  Marquis 
wheat  at  Madison,  Wis.,  in  the  spring  of  IQ20 


Duration  of  germination  period. 


Dates. 


Mar.  31  to  Apr.  20 

Apr.  22  to  30 

May  1  to  8 

May  10  to  16 

June  9  to  13 


Num- 
ber of 
days. 


21 

9 
8 

7 
5 


Average  soil  tempera- 
tures, 4  inches  deep. 


Mean. a 


"C. 

4-5 

8.9 

12.  3 

13-9 
26.  2 


Min. 


°C. 

2-3 
6.2 

7-4 
9.4 

20.  7 


Max. 


°C. 

7-7 
12.  S 
17.8 
18.6 
32-3 


Average  air  tempera- 
tures, 6  inches  above  soil. 


Mean." 


°C. 
1.8 
6.7 
7.0 
8.9 
22.  7 


Min.        Max. 


"C. 
-1.9 

3-2 

2.  O 

4.   I 

I7.4 


"C. 

6.3 

10.  7 

14-5 
14.  2 

28.  1 


a  Mean  temperatures  in  this  and  succeeding  tables  were  computed  by  adding  together  the  temperatures 
recorded  at  hourly  intervals  during  the  germination  period  and  dividing  the  sum  by  the  number  of  hours 
in  the  period. 

Table  X. — Relation  of  date  of  seeding  to   ike  development  of  seedling-blight  of  Marquis 
wheat  at  Madison,  Wis.,  in  the  spring  of  IQ20 


Date  of  seeding. 


Mar.  31 
Apr.  2 . 
May  1 . 
May  10 
June  9. 


Average 
number 
of  days 
for  emer- 
gence. 


22 
8 
8 

7 
6 


Average  percentage  stand. 


Clean  seed 

not 
inoculated. 


Clean  seed 
inoculated     Naturally 
with  scabbed 

Gibberella   1       seed. 
saubinetii. 


69.  O 

82-5 
80.  I 

74-7 
38.0 


74- 
79- 
37- 
27. 

42. 


66.  5 

72-5 
47.0 
22.3 


The  stands  of  healthy  plants  from  the  uninoculated,  the  inoculated, 
and  the  scabbed  seed  were  practically  the  same  for  the  first  planting, 
which  required  22  days  to  germinate — that  is,  the  period  from  March  31 
to  April  20.  The  germination  in  all  seed-lots  was  lowered  by  continued 
freezing  and  thawing  during  germination,  but  no  blight  appeared  in  any 
of  the  plots.  The  stand  in  the  second  series  of  seedings  was  greatly  in- 
creased, due  to  more  favorable  weather  during  the  germination  period 
of  8  days.  A  limited  number  of  blighted  seedlings,  however,  appeared 
toward  the  last  of  the  period  in  both  the  inoculated  and  scabbed  series. 
The  percentage  of  disease-free  seedlings  in  the  next  two  seedings  was 
reduced  43  to  47  per  cent,  respectively,  below  the  stand  in  the  controls. 
The  average  mean  temperature  during  the  germination  period  and  the 
daily  temperature  curves  in  figures  10  and  1 1  show  a  soil  temperature 
below  120  C.  for  the  first  two  seedings,  and  above  120  for  the  two  May 
seedings.  The  critical  soil  temperature  for  seedling-blight  in  the  field, 
therefore,  corresponds  very  closely  with  that  in  the  soil-temperature 
tanks. 

The  results  from  the  last  seeding,  June  9,  which  was  made  during  the 
extremely  high  temperatures,  also  agreed  with  the  greenhouse  results. 
That  is,  while  germination  was  greatly  reduced  in  both  control  and  inocu- 
lated plots,  no  seedling-blight  appeared,  due  probably  to  high  tempera- 
tures inhibiting  the  development  of  the  parasite. 
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The  root  systems  of  both  the  inoculated  and  control  series  of  plants 
were  excavated  and  studied  at  the  maturity  of  the  crop.  Trenches  were 
dug  across  the  adjoining  rows  of  the  inoculated  and  control  series  in  the 
March  31  and  May  10  plantings,  after  which  a  gentle  stream  of  water  was 
used  to  wash  the  soil  away  from  the  roots.  In  this  way  a  comparison 
was  obtained,  not  only  of  the  general  root  development  but  also  of  the 
root  distribution.  The  development  of  lateral  feeder  root  branches,  the 
depth  of  root  penetration,  and  the  comparative  root  development  in  the 
two  different  seedings,  as  well  as  the  influence  of  the  fungus  on  reducing 
the  root  system,  are  shown  in  Plate  6,  A,  B,  and  C.  The  roots  penetrated 
much  deeper  and  developed  more  lateral  branches  in  the  early  seedings 
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Fig.  12.— Graph  showing  relation  of  date  of  seeding  to  the  development  of  seedling-blight  of  Marquis 
wheat  in  1921.  Results  are  essentially  the  same  as  in  the  previous  season,  shown  in  figure  10.  (Sum- 
mary of  fig.  2.) 

which  were  grown  at  a  low  soil  temperature.  Likewise,  the  parasite  did 
not  reduce  the  size  of  the  root  system  at  the  low  temperature,  but  the 
roots  of  the  inoculated  plants  in  the  later  seeding  at  high  soil  temperature 
were  reduced  nearly  50  per  cent  below  those  of  the  control  plants. 

EXPERIMENTS  IN  192 1 

Three  sowings  made  on  March  19,  March  26,  and  April  11,  germinated 
before  the  average  mean  soil  temperature  for  the  germination  period  was 
above  120  C.  The  mean  daily  soil  temperature  for  several  days  at  a  time 
during  these  three  periods,  however,  was  above  120.  The  next  two 
seedings,  made  on  April  29  and  May  20,  germinated  at  an  average  mean 
soil  temperature  considerably  above  120,  whereas  the  last  seeding,  on 
June  20,  germinated  during  a  fairly  high  mean  soil  temperature  and  fairly 
high  maximum  soil  temperature. 
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The  percentage  of  stand  as  well  as  the  average  mean  soil  temperature 
and  mean  daily  soil  temperature  are  given  in  Tables  XI  and  XII  and 
shown  graphically  in  figures  2  and  12. 

Table  XI. — Average  soil  and  air  temperatures  during  germination  periods  of  Marquis 
wheat  at  Madison,  Wis.,  in  the  spring  of  1921 


Duration  of  germination  period. 


Dates. 


Num- 
ber of 
days. 


Mar.  19  to  Apr.  9 21 

Mar.  26  to  Apr.  9 14 

Apr.  11  to  25 14 

Apr.  29  to  May  8 9 

May  20  to  25 5 

June  20  to  24 4 


Average  soil  tempera- 
tures, 4  inches  deep. 


Average  Foil  tempera- 
tures, 6  inches  above  soil. 


Mean. 


"C. 

4.6 

4.8 

7-7 
10.5 
19.  6 
22.  s 


Min.       Max. 


Mean. 


•c. 

2.8 

3-2 

5-4 

6-5 

15-4 

19.  6 


•C. 

7.8 

8.4 
10.  7 
14.7 

23-9 

26.  7 


Min. 


°C. 

7-3 
7-7 

8.9 

8-5 
20.8 
21.  o 


°C. 

2.4 


2. 

4- 

3- 

15- 

17- 


Max. 


•c. 

12.4 

*3-3 
12.  9 

13-5 

26.  4 
27.7 


Table  XII. — Relation  of  date  of  seeding  to  the  development  of  seedling-blight  of  Mar- 
quis wheat  at  Madison,  Wis.,  in  1921 


Date  of  seeding. 


Mar.  19, 
Mar.  26 
Apr.  11 
Apr.  29 
May  20. 
June  20 


Average 
number 
of  days 
for  emer- 
gence. 


21 

14 

14 

9 

5 

4 


Average  percentage  of  stand. 


Clean  seed 
Clean  seed     inoculated 

not  with 

inoculated.     Gibberella 
saubinetii. 


40. 
71. 
75' 

7i. 

83- 

52- 


35-6 
47.  6 
70.  o 
35-8 

39-6 
49.  2 


Naturally 

scabbed 

seed. 


24.  O 
49.6 

20.  4 

17.8 

21.  2 


In  general,  the  results  in  the  second  spring  showed  the  same  tem- 
perature responses  as  those  of  the  previous  year.  The  early  seedings 
gave  the  highest  stand  of  healthy  plants,  although  some  blight  appeared 
in  these  plots,  due  probably  to  the  fluctuating  soil  temperature  and 
moisture.  In  all  three  germination  periods  of  the  first  seedings  the  mean 
daily  soil  temperature  was  around  or  above  120  C.  for  several  days  at  a 
time.  Likewise,  especially  in  the  second  germination  period,  the  soil 
moisture  was  low  enough  to  be  an  important  factor  in  producing  blight. 
The  following  two  seedings  both  gave  high  percentages  of  blight,  or, 
stating  it  reversely,  a  poor  stand.  The  last  seeding  corresponded  with 
the  last  seeding  of  the  previous  spring,  which  demonstrated  that  the 
attack  of  the  parasite  was  probably  checked  by  the  high  soil  temperatures. 
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RELATION    OF    DATE    OF    SEEDING    TO    THE    DEVELOPMENT    OF    SEEDLING- 
BLIGHT   IN   TURKEY    WHEAT 


The  first  sowings  of  winter  wheat  in 
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Fig.  13. — Graph  showing  relation  o  date  of  seeding  to 
the  development  of  seedling-blight  of  Turkey  wheat  in 
1920.  The  cool  soil  temperatures  of  the  late  fall  re- 
versed the  curves  from  those  of  figures  10  and  12. 
(Summary  of  figure  11.) 

and  XIV  and  are  shown  graphically  in 


1920  were  made  in  August  when 
the  soil  temperature  was  fairly- 
high.  The  fall  was  unusually 
warm,  however,  and  the  mean 
soil  temperatures  did  not  drop 
below  120  C.  during  September 
and  early  October,  so  that  it  was 
necessary  to  continue  the  seed- 
ings  late  into  October  to  secure 
the  low  soil  temperatures.  All 
of  the  plots  were  sown  when  the 
temperature  of  the  soil  was  above 
120  C.  except  the  last  plot,  sown 
on  October  20.  The  percentage 
of  stand  and  soil  and  air  temper- 
atures are  given  in  Tables  XIII 
figures  11  and  13. 


Table  XIII. — Average  soil  and  air  temperatures  during  germination  periods  of  Turkey 

wheat  at  Madison,  Wis.,  in  the  fall  of  1920 


Duration  of  germination  period. 


Dates. 


Aug.  24  to  29 

Sept.  7  to  13 

Sept.  23  to  Oct.  4 

Oct.  4  to  18 

Oct.  20  to  Nov.  4 


Num- 
ber of 
days. 


6 

7 
12 

9 
16 


Average  soil  tempera- 
tures, 4  inches  deep. 


Mean. 


°C. 
20.  4 
19.  2 

15.8 

IS- 9 
8.2 


Min. 


°C. 
16.3 

15-4 
12.3 

14-3 
6.8 


Max. 


°C. 
25.O 

23-5 
20.  2 

18.7 

ii- 3 


Average  air  tempera- 
tures, 6  inches  above  soil. 


Mean. 


°C. 
14.  4 
17.  2 

13- 9 
17.4 

9-5 


Min. 


r. 

10.  o 

11.  6 

8.4 

13.  2 

6.0 


Max. 


°C. 

21-5 
23.  I 
20.  3 
20.8 
13-7 


Table  XIV. — Relation  of  date  of  seeding  to  the  development  of  seeding-b light  and  winter- 
killing of  Turkey  wheat  at  Madison,  Wis.,  in  the  fall  of  1920 


Date  of  seeding. 


Aug.  24. 
Sept.  7. 
Sept.  23 
Oct.  9 
Oct.    20 


Aver- 
age 
num- 
ber of 
days  for 
emer- 
gence, 


6 

7 
12 

9 
16 


Average  per- 
centage of 
stand,  fall,  1920. 


Control. 


77.O 

55- o 
83-5 

92.  o 
90.  o 


Inocu- 
lated. 


60.  O 

53- o 

49-5 
67.  o 
86.0 


Control. 


Average  per- 
centage of 
stand,  spring, 
1921. 


68.O 
44.O 
56.  O 

49-2 
71.7 


Inocu- 
lated. 


48.8 
48.  2 
31.6 
29.  2 

57-8 


Control- 


Average  per- 
centage of 
winter  killing. 


9.0 
II.  o 

27-5 
42.8 

18.3 


Inocu- 
lated. 


II.  2 
4.8 
17.9 
37-8 
28.  2 
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The  first  two  sowings  showed  the  influence  of  high  soil  temperature  upon 
both  host  and  parasite.  The  germination  and  stand  of  the  controls  was 
greatly  reduced,  yet  the  reduction  in  germination  and  stand  from  blight 
was  not  as  great  as  in  the  following  two  sowings  where  the  mean  soil 
temperature  was  160  C.  The  last  seeding,  however,  in  which  the  seed 
germinated  in  a  cool  soil,  gave  little  blighting,  and,  further,  the  stand  and 
general  vigor  of  the  plants  were  comparable  to  the  condition  of  the 
controls. 

These  soil-temperature  experiments  in  the  field  have  shown,  then,  that 
wheat  germinated  in  a  cool  soil  resists  the  blight  but  when  germinated  in 
a  warm  soil  succumbs  to  the  attack.  These  results  also  have  shown  that 
the  critical  soil  temperature  for  the  production  of  the  seedling-blight  of 
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Fig.  14. — Graph  showing  relation  of  date  oi  planting  to  the  development  of  seedling-blight  of  corn  in  1921. 
The  seedling-blight  occurred  during  the  April  plantings  when  themean  soil  temperature  was  below  20 "C 
No  blight  developed  when  the  mean  soil  temperature  reached  300  C     (Summary  of  fig.  2.) 

wheat  is  the  same  under  field  conditions  as  in  the  soil-temperature  tanks 
in  the  greenhouse,  namely,  about  120  C. 

These  results  already  have  been  applied  as  control  measures  by  agrono- 
mists and  other  wheat  growers,  yet  further  emphasis  is  necessary  from 
the  phytopathological  viewpoint.  Seeding  at  the  earliest  safe  date 
in  the  spring  for  spring  wheat  and  the  latest  safe  date  in  the  fall  for 
winter  wheat  is  the  best  method  of  reducing  the  seedling-blight.  Agron- 
omists have  shown  that  the  date  of  planting  has  a  marked  relation  to 
lodging  and  to  yield  and  quality  of  grain.  The  marked  reaction  between 
the  date  of  seeding  and  the  root  development  may  partly  explain  those 
relations. 


866  Journal  of  Agricultural  Research         v0i. xxin. no h 

RELATION    OF    DATE    OF    PLANTING    TO    THE    DEVELOPMENT  OF  SEEDLING- 
BLIGHT   IN    CORN 

The  general  field  observations  during  the  past  two  seasons  have 
demonstrated  beyond  question  the  influence  of  soil  temperature  upon  the 
seedling-blight  of  corn  and,  in  themselves,  have  corroborated  the  soil- 
temperature  studies  in  tanks  in  the  greenhouse.  A  preliminary  series 
of  periodic  planting  experiments  with  corn  was  started  in  the  spring  of 
192 1  to  check  more  exactly  the  soil- temperature  tank  results.  The 
first  planting,  April  20,  germinated  when  the  mean  soil  temperature  was 
about  120  C. ;  the  second  planting,  April  30,  germinated  a  few  days  before 
most  of  the  corn  was  planted  in  the  vicinity  of  Madison.  While  the 
average  mean  soil  temperature  in  this  period  was  about  the  same  as 
during  the  previous  period,  the  daily  mean  temperature,  as  shown 
graphically  in  figures  2  and  14,  did  not  run  as  low  at  any  single  period 
as  in  the  previous  germination  period.  The  last  planting,  May  31, 
germinated  in  a  soil  at  about  200.  The  percentage  stand  of  plants  for 
the  three  periods  and  temperatures  are  given  in  Tables  XV  and  XVI 
and  shown  graphically  in  figures  2  and  14. 

Table  XV. — Average  soil  and  air  temperatures  during  the  germination  periods  for  corn 

at  Madison,  Wis.,  IQ2I 


Duration  of  germination  period. 


Dates. 


Apr.  30  to  May  10 
Apr.  30  to  May  16 
May  21  to  27 


Num- 
ber of 

days. 


20 

16 

6 


Average  soil  tempera-        Average  air  tempera- 
tures, 4  inches  deep.       tures,  6  inches  above  soil. 


Mean. 


°C. 

ii.  7 

ii.  7 
18.  8 


Min. 


°C. 
8.  I 
8.  o 

*5-5 


Max. 


•c. 

15-2 

IS- 5 
26.8 


Mean. 


10.8 

9-7 
20.  1 


Min.    j   Max. 


"C. 

6-3 
4.8 

15-7 


*5-5 
14.  4 
25.  2 


Table  XVI. — Relation  of  date  of  planting  to  development  of  seedling-blight  oj  corn  at 

Madison,  Wis.,  in  IQ2I 


Date  of  planting. 


Apr.  20 
Apr.  30 
May  21 


Average  percentage  of 
stand. 


Average 

number 

of  days  for 

emergence. 


20 

16 

6 


Disease- 
free  seed. 


90 

91 
94 


Disease- 
free  seed 
inoculated 
with 

Gibberella 
saubinetii. 


20 
78 

93 


The  first  planting  was  most  severely  affected  by  blight,  70  per  cent  of 
the  plants  being  killed  during  the  seedling  stage.  Most  of  these  were 
blighted  during  germination  or  just  before  emergence.  The  mean 
daily  soil  temperature,  as  shown  graphically  in  figure  2,  contributed 
directly  to  this  blighting.     The  soil  temperature  following  sowing  was 
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high  enough  to  start  immediate  germination.  This  was  followed  in  8 
days  by  a  low  temperature  period  of  about  10  days'  duration  in  which 
the  temperature  went  considerably  below  the  critical  temperature  for 
blighting. 

The  second  planting  was  made  during  the  low-temperature  period,  but 
did  not  begin  germinating  until  the  soil  temperature  had  risen  to  about 
1 6°  C.  While  this  planting  was  subjected  to  low  soil  temperatures 
later  in  the  germination  period,  the  soil  temperatures  did  not  go  as  low 
as  those  following  the  previous  planting,  and  the  depression  occurred 
later  in  the  period  of  seedling  development.  As  a  result,  the  stand  was 
reduced  only  13  per  cent.  The  last  planting  showed  only  a  small  degree 
of  blighting  in  two  or  three  of  the  most  susceptible  strains. 

The  field  temperature  experiments  with  corn  in  general  showed  results 
similar  to  those  obtained  in  the  greenhouse.  The  field  plantings,  however, 
indicated  a  slightly  lower  critical  temperature  for  blighting  than  that 
shown  in  the  soil  temperature  tanks  in  the  greenhouse. 


APRIL 


(zm/Mmw  rmoDs 


Fig.  15. — Graph  showing  critical  soil  temperature  for 
the  development  of  seedling-blight  of  wheat.  The 
heavy  horizontal  line  at  120  C.  represents  the  critical 
soil  temperature  for  the  development  of  blight  in 
the  soil-temperature  tanks  in  the  greenhouse.  The 
rise  of  the  daily  mean  soil  temperature  to  and  above 
the  120  C  line  resulted  in  the  development  of  seedling- 
blight. 


DISCUSSION   OF  RESULTS 

While  the  influence  of  soil  tem- 
perature in  the  development  of 
seedling-blight  was  operative 
over  a  wide  range  of  tempera- 
tures, there  was,  however,  in  both 
wheat  and  corn  a  very  clearly 
defined  critical  temperature  for 
blighting.  Soil  temperatures 
below  120  C,  for  instance,  pre- 
vented blighting  of  the  wheat 
seedlings,  whereas  soil  tempera- 
tures at  120  or  above  produced  a 
large  amount  of  blight.  The 
critical  soil  temperature,  there- 
fore, for  the  seedling-blight  of 
wheat  was  always  at  120  C, 
whether  a  constant  soil  temperature  or  the  mean  of  a  fluctuating  field 
soil  temperature.  The  critical  soil  temperature  is  represented  graphically 
in  Figures  5  and  6  for  the  constant  soil  temperature  series  and  in  Figure 
15  for  one  instance  in  the  field  series.  Other  cases  equally  striking  could 
be  chosen  from  periodic  seedings  of  either  the  spring  or  the  winter  wheat. 

The  straight  line  at  120  C.  in  figure  15  represents  the  approximate 
critical  soil  temperature  for  seedling-blight  of  wheat.  The  first  seeding 
germinated  and  emerged  when  the  soil  temperature  curve  was  well 
below  this  line,  with  no  blight  as  a  result.  The  second  sowing  developed 
in  a  warmer  soil  with  a  mean  temperature  still  below  the  120  line,  yet 
approaching  it.  In  many  cases  the  temperature  during  a  portion  of 
the  day  was  above  this  line.  The  blight  appeared  on  just  a  few  of  the 
seedlings.  The  last  seedings  shown  developed  in  a  soil  having  a  mean 
temperature  of  120  or  above,  and  as  a  result  53  per  cent  of  the  plants 
were  blighted.  The  mean  soil  temperature  in  fluctuating  field  tempera- 
tures corresponded  very  closely  with  the  constant  soil  temperatures  in 
the  greenhouse  experiments. 

The  seedling-blight  of  corn,  both  in  greenhouse  tank  series  and  in 
field  series,  developed  at  200  to  240  C.  and  below,  while  above  240  no 
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blight  occurred.  The  critical  soil  temperature  for  the  development  of 
of  seedling-blight  of  corn,  therefore,  is  about  200  (fig.  7).  Here,  again, 
the  mean  daily  soil  temperature  in  the  field  corresponded  very  closely 
with  the  constant  soil  temperature  in  the  tanks  in  the  greenhouse. 
These  facts  seem  rather  significant  to  the  understanding  of  the  relation 
of  environment  to  the  susceptibility  of  the  hosts  to  this  disease.  They 
indicate,  at  least,  that  in  this  type  of  disease  soil  temperature  is  important 
as  an  environmental  factor,  and,  further,  that  mean  soil  temperatures 
over  periods  of  considerable  duration  are  more  influential  as  factors 
than  brief  extremes  in  soil  temperature. 

SUMMARY 

(1)  The  seedling-blight  of  wheat  caused  by  Gibber ella  saubinetii  is 
manifest  first  by  blighting  before  emergence,  which  results  in  poor  germi- 
nation, second  by  blighting  after  emergence,  which  is  evident  by  the 
yellowed  and  wilted  seedlings,  and  third  by  stunting  the  seedling  which 
is  due  to  the  weakened  root  system. 

(2)  The  symptoms  of  the  seedling-blight  of  corn,  caused  by  this  same 
organism,  are,  in  general,  similar  to  those  of  wheat. 

(3)  The  invaded  tissues  in  both  wheat  and  corn  become  reddish  brown 
to  carmine  red,  depending  upon  environmental  factors. 

(4)  The  disease  develops  from  infected  seed,  scabbed  seed  in  the  case 
of  wheat,  and  infested  soils. 

(5)  The  period  of  seedling  infection  in  both  wheat  and  corn  is  usually 
limited  to  the  early  seedling  stage. 

(6)  With  environmental  factors  favorable,  the  extent  of  blighting  and 
injury  from  seedling-blight  is  directly  proportional  to  the  amount  of 
infestation. 

(7)  The  parasite  in  pure  culture  functions  normally  over  a  compara- 
tively wide  range  of  temperature,  namely,  from  30  to  32 °  C.  The  opti- 
mum temperature  for  spore  germination,  vegetative  development,  and 
sporulation  is  about  240  on  unacidified  and  2 8°  on  acidified  media. 

(8)  Wheat  is  a  low-temperature  plant  and  functions  best  at  a  low  soil 
temperature  in  all  stages  of  its  development.  On  the  other  hand,  corn  is 
a  comparatively  high-temperature  plant  and  develops  best  at  high  soil 
temperatures. 

(9)  The  temperature  of  the  soil  is  undoubtedly  the  most  important 
single  factor  determining  the  extent  of  seedling-blight.  The  most 
favorable  soil  temperature  for  the  blighting  of  wheat  ranges  from  120  to 
280  C.  Below  120  no  blight  occurred  if  other  factors  were  favorable.  In 
contrast,  the  most  favorable  soil  temperature  for  the  blighting  of  corn 
ranges  from  8°  to  200.     Above  240  no  blight  occurred. 

(10)  1,0  w  soil  moistures  favor  blighting  of  wheat  even  at  low  soil 
temperatures. 

(11)  Results  from  sowings  of  wheat  and  corn  made  at  different  dates 
under  field  conditions  agree  with  those  from  the  greenhouse  experiments. 
Seeding  when  the  soil  is  cool,  that  is,  spring  wheat  at  the  earliest  safe 
date  in  the  spring  and  winter  wheat  at  the  latest  safe  date  in  the  fall, 
reduces  seedling  blight.  On  the  contrary,  seeding  corn  when  the  soil  is 
warm,  that  is,  at  the  latest  safe  date  in  the  spring,  reduces  seedling-blight. 

(12)  There  are  sharp  critical  temperatures  for  the  production  of  the 
blight  of  both  wheat  and  corn.  The  mean  daily  soil  temperature  in  the 
field  corresponds  to  the  constant  soil  temperature  in  the  soil-temperature 
tanks.     The  critical  soil  temperature  for  the  seedling-blight  of  wheat  is 
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about  120  C,  in  both  constant  soil  temperature  and  mean  daily  field  soil 
temperature.  The  critical  soil  temperature  for  the  seedling-blight  of 
corn  is  between  200  and  240  under  both  greenhouse  and  field  conditions. 
(13)  Infection  takes  place  and  the  blight  progresses,  then,  at  entirely 
different  temperatures  with  the  two  different  hosts,  wheat  and  corn, 
inoculated  with  the  same  parasite.  Hence,  the  influence  of  environ- 
mental factors  on  the  hosts  seems  to  be  the  fundamental  cause  of  suscep- 
tibility to  the  disease.  The  seedlings  become  susceptible  when  they  are 
unable  to  respond  favorably  to  the  environment. 
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PLATE  i 

Seedlings  and  kernels  of  Marquis  wheat  attacked  by  the  wheatscab  fungus,  Gibberella 
saubinetii. 

Seedlings  blighted  after  inoculation  in  the  field  with  conidia  of  the  parasite  grown 
in  pure  culture,  a,  Killed  before  emerging;  b,  killed  just  after  emerging;  c,  killed  in 
first-leaf  stage;  d,  badly  scabbed  kernels,  shrivelled  and  dead;  e,  slightly  scabbed,  dis- 
colored kernels  only  slightly,  if  at  all,  shrunken,  but  which  produce  infected  seedlings 
when  they  germinate ;  /,  sound,  plump  kernels  for  comparison.     X 2 . 
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PLATE  a 

Seedlings  of  Marquis  wheat,  (a)  infected  by  Gibberella  saubinetii  and  (b)  uninfected, 
both  of  the  same  age. 

The  infected  seedling  was  from  the  same  inoculation  series  as  those  shown  in  Plate  i , 
a,  b,  and  c.  Note  marked  reduction  in  vigor,  browning  of  basal  portion,  and  reduction  of 
root  system  as  well  as  yellowing  of  leaves  and  absence  of  tillers.  The  uninfected 
seedling  was  from  a  corresponding  uninoculated  series.  Note  general  vigor,  clean 
basal  portion,  abundant  vigorous  roots,  as  well  as  vigorous,  healthy  leaves  and  tillers. 
Natural  size. 


PLATE  3 

Wheat  seedlings  attacked  by  wheatscab  fungus,  Gibberella  saubinetii,  and  Petri-dish 
cultures  of  the  same  fungus  incubated  six  days  at  different  temperatures. 

A.  Winter  wheat  (Turkey)  seedlings  from  artificially  inoculated  seed,  taken  from 
the  field  late  in  the  fall.  The  blackened,  rotted  roots  resulted  from  the  progress  of  the 
disease  early  in  the  season  while  the  soil  was  warm.  The  new,  white,  healthy  roots 
developed  later  in  the  season  while  the  soil  was  cool. 

B. — Blighted  seedlings  of  Marquis  wheat  from  artificial  inoculation,  taken  from  the 
field  in  the  spring.  The  first  two  seedlings  (left)  represent  typical  blighting  before 
emergence.     The  seedling  on  the  right  was  blighted  in  the  first-leaf  stage. 

C. — Relation  of  temperature  to  the  vegetative  development  of  G.  saubinetii.  Petri- 
dish  cultures  of  the  fungus  incubated  six  days  on  unacidified,  potato-dextrose  agar 
at  temperatures  from  40  to  350  C,  as  indicated  by  figure  below  each  culture. 
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PLATE  4 

Representative  corn  seedlings,  from  inoculated  and  uninoculated  seed,  grown  at 
different  soil  temperatures.1 

A. — Plants  grown  at  a  soil  temperature  of  120  C.  Plants  from  the  inoculated  seed 
were  all  killed  before  emerging. 

B. — Plants  grown  at  a  soil  temperature  of  160  C.  Plants  from  the  inoculated  seed 
were  badly  diseased.     About  half  of  them  blighted  soon  after  emerging. 

C. — Plants  grown  at  a  soil  temperature  of  200  C.  Plants  from  the  inoculated  seed 
almost  as  badly  diseased  as  those  grown  at  160  C,  represented  in  B. 

D. — Plants  grown  at  a  soil  temperature  of  240  C.  Plants  from  the  inoculated  seed 
were  healthy  except  for  a  few  minor  root  lesions. 

1  In  each  set  of  plants  from  A  to  D,  (1)  represents  typical  plants  from  seed  inoculated  with  conidia  of 
Gibberella  saubinetii  and  (a)  represents  seedlings  of  the  same  age  and  from  the  same  seed  uninoculated. 


PLATE  5 

Influence  of  soil  temperature  and  moisture  on  the  development  of  seedling-blight 
of  Marquis  wheat.1 

A. — Seed  sown  in  soil  wet  to  30  per  cent  of  its  moisture-holding  capacity.  Note 
percentage  of  blight  which  developed  at  8°  C. 

B. — Seed  sown  in  soil  wet  to  45  per  cent  of  its  moisture-holding  capacity.  Note 
decrease  of  blight  which  developed  at  8°  C. 

C. — Seed  sown  in  soil  wet  to  60  per  cent  of  its  moisture-holding  capacity.  No 
blight  developed  at  8°  C,  and  less  at  all  temperatures  than  in  the  drier  soils. 

1  The  10  seedlings  in  each  group  represent  the  proportion  o;  healthy  and  blighted  seedlings  from  a 
series  of  200  plants  grown  at  each  soil  temperature  from  seed  inoculated  with  Gibberella  saubinetii. 
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PLATE  6 

Relation  of  date  of  seeding  to  the  development  of  seedling-blight  of  Marquis  wheat. 

A. — Wheat  plants  from  inoculated,  scabbed,  and  clean  seed  sown  April  22,  when 
the  soil  temperature  was  below  12 °  C.  Note  the  uniformly  good  stand  from  all  three 
lots  of  seed . 

B. — Wheat  plants  from  inocvilated,  scabbed,  and  clean  seed  sown  May  10,  when 
the  soil  temperature  was  above  12  °  C.  Note  the  greatly  reduced  stand  from  the 
inoculated  seed  and  especially  from  the  scabbed  seed. 

C. — Root  development  of  wheat  sown  April  22.  Left,  uninoculated ;  right,  inocu- 
lated with  Gibberella  saubinetii.     Note  the  large  root  systems  in  each. 

D. — Root  development  of  wheat  sown  May  10.  Left,  uninoculated;  right,  inocu- 
lated with  G.  saubinetii.  Note  that  the  root  development  is  much  less  extensive 
than  on  the  plants  from  the  April  22  seeding  shown  in  C.  See  E  for  the  detailed 
comparison  of  the  root  systems. 

E. — Root  systems  of  the  four  lots  of  spring-wheat  plants  shown  in  position  in  C  and  D . 
Each  bundle  contains  the  roots  of  five  plants.  (1)  Sown  April  22;  left,  uninoculated; 
right,  inoculated.  (2)  Sown  May  10;  left,  iminoculated;  right,  inoculated.  Note 
the  reduction  in  root  systems  in  (2)  right,  inoculated  seed  sown  May  10,  when  the 
mean  soil  temperature  was  above  12 °  C.  In  contrast,  note  the  lack  of  reduction  in 
( 1)  right,  where  the  seed  was  inoculated  and  sown  April  22,  when  the  soil  temperature 
was  below  120  C. 


FURTHER  STUDIES  IN  PHOTOPERIODISM,  THE  RE- 
SPONSE OF  THE  PLANT  TO  RELATIVE  LENGTH  OF 
DAY  AND  NIGHT  ' 

By  W.  W.  Garner,  Physiologist  in  Charge,  and  H.A.  Ali.ard,  Physiologist,  Tobacco 
and  Plant  Nutrition  Investigations,  Bureau  of  Plant  Industry,  United  States  Depart- 
ment of  Agriculture 

INTRODUCTION 

In  an  earlier  paper  (y)2  considerable  data  were  presented  tending  to 
show  that  the  length  of  day  exercises  a  remarkable  regulatory  action 
in  initiating  or  inhibiting  sexual  reproduction  in  plants.  In  a  number 
of  species  studied  it  was  found  that  ordinarily  the  plant  can  attain  the 
flowering  and  fruiting  stages  only  when  the  length  of  day  falls  within 
certain  limits,  so  that  in  such  cases  flowering  and  fruiting  occur  only  at 
certain  seasons  of  the  year.  In  this  respect  some  species  and  varieties 
respond  to  relatively  long  days  while  others  respond  to  short  days. 
Moreover,  some  plants  are  much  more  sensitive  to  change  in  length  of  day 
than  are  others.  In  the  absence  of  the  particular  day  length  favorable 
to  sexual  reproduction  vegetative  development  may  continue  for  a 
more  or  less  indefinite  period,  thus  frequently  leading  to  the  phenomenon 
of  gigantism.  It  was  discovered,  also,  that  exposure  to  a  daily  light 
period  intermediate  between  that  favorable  only  to  vegetative  develop- 
ment, on  the  one  hand,  and  that  favoring  only  flowering  and  fruiting  on 
the  other  hand,  tends  to  cause  both  forms  of  activity  to  progress  simul- 
taneously. This  combined  form  of  activity  constitutes  what  is  commonly 
known  as  the  " everflowering "  or  "everbearing"  behavior.  It  was 
suggested  that  probably  the  seasonal  range  in  length  of  day  is  an  impor- 
tant factor  in  the  natural  distribution  of  plants  and  that  in  agricultural 
practise  the  correct  time  for  planting  many  crop  plants  may  be  largely 
conditioned  by  the  prevailing  length  of  day.  To  designate  the  response 
of  the  plant  to  length  of  day  the  term  "photoperiodism"  was  suggested.8 
The  data  on  which  these  conclusions  are  based  were  obtained  chiefly 
by  use  of  dark  chambers  into  which  the  test  plants  could  be  placed  for 
a  portion  of  the  day,  thus  reducing  the  number  of  hours  of  illumina- 
tion received  during  the  relatively  long  days  of  summer.  Brief  mention 
also,  was  made  of  greenhouse  experiments  conducted  during  the  winter 
months,  in  which  electric  light  was  used  to  prolong  the  daily  period  of 
illumination.  -The  results  of  these  latter  tests  confirmed  those  previ- 
ously obtained  by  use  of  the  dark  chambers.  Oakley  and  Westover 
(18)  have  recently  reported  an  interesting  application  of  these  princi- 
ples as  a  means  for  the  quick  identification  of  seed  of  different  alfalf  is 
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In  connection  with  the  discussion  of  the  literature  bearing  upon  the 
subject  which  was  presented,  attention  is  here  called  to  an  article  by 
Klebs  (10)  on  flower  formation  in  Sempervivum,  published  in  19 18, 
which  had  not  become  accessible  to  the  writers  at  the  time  the  previous 
paper  was  written.  Following  methods  somewhat  similar  to  those 
previously  employed  by  Bonnier,  Bailey,  Rane,  and  Corbett,  as  briefly 
outlined  in  our  former  paper,  Klebs  showed  that  Sempervivum,  which 
normally  flowers  in  June,  could  be  forced  into  flowering  in  winter,  either 
by  means  of  continuous  electric  illumination  for  a  few  days  or  by  increas- 
ing the  daily  illumination  period  to  more  than  12  hours.  The  Osram 
lamp  was  used  both  for  continuous  illumination  and  for  daily  illumina- 
tion periods  of  different  duration.  This  result  with  Sempervivum  is 
essentially  the  same  as  that  obtained  by  Bailey  and  by  Rane  with  spin- 
ach (Spinacea  oleracea  L-),  but  Klebs,  perhaps,  made  a  more  complete 
analysis  of  the  response  and  his  data  are  more  nearly  quantitative  in 
character.  He  also  studied  the  effects  of  change  in  intensity  and  quality 
of  the  light  on  flowering  in  Sempervivum.  Light  seems  to  be  essential 
for  the  formation  of  flower  primordia.  The  response  of  Sempervivum  to 
differences  in  light  exposure  is  interpreted  by  Klebs  as  supporting  the 
theory  previously  advanced  that  flowering  is  the  result  of  increased 
concentration  of  the  cell  sap,  particularly  with  respect  to  carbohydrates. 
In  summarizing,  it  is  stated  that  in  flowering  the  quantity  of  the  light 
energy  is  of  decisive  importance. 

It  is  especially  desirable,  also,  to  call  attention  here  to  the  remarkable 
life  histories  of  two  small  marine  Avorms,  Convoluta  roscofjensis  and  C. 
paradoxa,  as  worked  out  by  Keeble  (o,  p.  31)  and  others.  A  curious  form 
of  symbiosis  with  a  green  and  a  brown  alga,  respectively,  is  involved, 
so  that  these  creatures  have  received  the  designation  "plant  animals." 
The  movements  of  these  worms,  which  live  on  the  seashore,  correspond 
with  the  incoming  and  outgoing  tides.  Thus,  C.  roscofjensis  regularly 
sinks  below  the  surface  of  the  sand  with  the  incoming  tide  and  emerges 
as  the  tide  recedes.  This  synchronism  with  tidal  movement  has  been 
shown  to  be  due  to  the  alternate  exposure  to  light  and  darkness  as  the 
tide  recedes  and  again  advances.  What  is  of  special  interest  here,  how- 
ever, is  the  remarkable  fact  that  with  this  organism  reproductive  activi- 
ties occur  chiefly  at  2-week  intervals,  beginning  with  the  onset  of  spring 
tides.  This  is  due  to  the  fact  that  at  this  season  of  the  year  low  water 
occurs  only  once  during  the  day,  the  other  period  coming  at  night,  with 
the  result  that  the  worms  receive  daily  only  about  six  hours  of  sunlight. 

Egg-laying  readies  its  maximum  when  the  animals  are  subjected  daily  to  one  short 
spell  of  six  hours'  light-exposure  followed  by  a  long  spell  of  eighteen  hours'  dark 
exposure.  But — and  the  fact  is  remarkable — these  conditions  of  light  and  darkness 
are  precisely  those  to  which  C.  roscoffensis  is  exposed  during  the  spring  tidal  periods 
at  which  its  eggs  are  laid  habitually. 

The  observations  and  conclusions  recorded  in  the  former  paper  con- 
cerning the  regulatory  action  of  the  relative  length  of  day  and  night  on 
flowering  and  fruiting  as  against  the  purely  vegetative  form  of  activity 
have  been  confirmed  and  considerably  extended  by  further  study  of  the 
subject,  as  will  be  outlined  in  this  paper.  In  view  of  the  marked  influence 
of  day  length  on  sexual  reproduction  it  seemed  likely  that  plants  would 
be  found  to  respond  to  this  influence  in  other  ways,  and,  accordingly, 
a  series  of  experiments  was  made  to  test  this  possibility.  It  was  found, 
in  fact,  that  the  plant  is  capable  of  responding  in  many  ways  to  change 
in  the  duration  of  the  daylight  period.    Thus,  most  if  not  all  outstanding 
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phenomena  of  periodicity  seem  to  be  more  or  less  influenced  by  the 
seasonal  change  in  length  of  day.  Moreover,  some  features  cf  plan 
development  not  so  definitely  periodic  in  character  appear  to  be  related 
to  the  duration  of  the  daylight  period.  Because  of  the  wide  field  covered 
a  great  deal  of  experimental  data  must  be  accumulated  before  a  full 
discussion  of  these  various  responses  can  be  undertaken,  and  it  is  not 
practicable  at  this  stage  to  attempt  to  correlate  the  extensive  literature 
on  the  different  features  of  plant  development  with  the  preliminary 
observations  which  have  been  made.  In  the  present  paper  a  somewhat 
more  detailed  discussion  of  the  formation  of  tubers,  bulbs,  and  thickened 
roots  in  relation  to  sexual  reproduction  will  be  undertaken.  Only  briefer 
mention  of  other  features  of  the  photoperiodic  response  will  be  made, 
reserving  fuller  consideration  for  the  future.  Perhaps  the  principal 
value  of  the  limited  number  of  observations  which  have  been  made  on 
/arious  forms  of  response,  viewed  as  a  whole,  is  that  they  may  be  made 
.he  basis  of  a  working  hypothesis  as  to  the  nature  of  some  of  the  internal 
rocesses  involved  in  photoperiodism,  thus  suggesting  more  systematic 
biological  and  biochemical  studies  along  definite  lines.  The  wide  extent 
and  great  variety  in  form  of  the  photoperiodic  response  verifies  in  most 
striking  manner  the  soundness  of  the  modern  view,  the  most  consistent 
supporter  of  which  perhaps  has  been  Klebs,  to  the  effect  that  environ- 
ment through  its  action  on  internal  conditions  governs  the  form  of 
expression  in  the  plant,  subject  only  to  the  specific  limitations  imposed 
by  heredity. 

FURTHER  OBSERVATIONS  ON  FLOWERING  AND  FRUITING 

Woody  perennials,  particularly  the  larger-growing  forms,  do  not 
lend  themselves  so  readily  to  the  methods  of  study  which  have  been 
followed,  so  that  the  data  thus  far  accumulated  have  reference  mostly 
to  annuals  and  herbaceous  perennials,  though  a  number  of  shrubs  and 
dwarf  trees  are  now  under  observation.  In  the  following  experiments 
the  methods  followed  were  essentially  the  same  as  those  described  in 
the  former  paper;  namely,  the  use  of  light-proof  houses  into  which  the 
plants  could  be  placed  for  a  portion  of  the  day  during  the  open  growing 
season  and  the  use  of  electric  light  in  the  greenhouse  for  a  portion  of  the 
night  during  the  winter  months.  The  average  intensity  of  the  electric 
illumination  maintained  in  the  vicinity  of  the  plants  in  the  greenhouse 
was  approximately  3  to  5  foot-candles  and  the  lights  (40-watt  mazda 
bulbs)  were  on  from  sunset  till  midnight  each  day.  In  reducing  the 
daylight  period  the  plants  in  most  experiments  received  sunlight  only 
from  10  a.  m.  to  3  p.  m.  for  the  5-hour  exposures;  from  5.30  a.  m.  to  3.30 
p.  m.  for  the  10-hour  exposures;  from  5.30  a.  m.  to  5.30  p.  m.  for  the 
12-hour  exposures;  from  5.30  a.  m.  to  6.30  p.  m.  for  the  13-hour  exposures. 

Seed  of  Amaranihus  hybridus  L-  which  was  sown  in  metal  buckets 
July  8  had  germinated  by  July  11.  Under  daily  light  exposures  of  10,  12 
and  13  hours  the  first  blossoms  opened  August  6  while  the  average 
heights  of  the  plants,  20  to  30  in  number,  were  13  to  14  inches,  16  to  17 
inches,  and  15  to  16  inches,  respectively.  With  5  hours  of  light  daily, 
first  blossoms  were  open  August  14  and  the  average  height  was  8  to  9 
inches.  The  controls  exposed  to  the  full  natural  day  length  first  showed 
blossoms  August  23  and  the  average  height  was  26  to  27  inches. 
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Kulthi  bean  (Dolichos  biflorus  U),  planted  May  29,  showed  open  blos- 
soms July  21  under  a  13-hour  daylight  exposure.  Flowering  was  sparse 
and  temporary,  followed  by  rapid  growth.  On  September  1  flower  buds 
were  again  evident.  The  controls  first  showed  open  blossoms  August  2 
and  also  were  again  showing  flower  buds  on  September  1 .  It  appears 
that  a  day  length  somewhat  less  than  13  hours  is  required  for  quick  and 
profuse  flowering  in  this  species. 

Peruvian  flour  corn  (Zea  mays  L.),  supplied  by  the  Office  of  Cereal 
Investigations,  Bureau  of  Plant  Industry,  was  planted  May  29  in  boxes 
10  inches  square  and  3  feet  long.  Under  a  daylight  period  of  13  hours 
the  plants  were  shedding  pollen  July  26  and  under  natural  daylight 
conditions  on  August  24.  The  respective  heights  of  the  plants  were 
71  and  92  inches. 

A  very  late-maturing  variety  of  corn  from  Mexico,  known  as  Tuxpan, 
planted  May  22  in  boxes  as  above,  was  shedding  pollen  August  6  as  a 
result  of  receiving  a  10-hour  light  exposure  and  the  average  height  was 
50  inches.  Under  a  13-hour  light  exposure  pollen  was  falling  August  14 
and  the  average  height  was  53  to  54  inches.  The  controls  were  shedding 
pollen  September  13  and  the  height  was  86  inches.  It  is  worthy  of  note 
that  at  the  middle  of  September  the  10-hour  day  plants,  as  well  as  the 
controls,  were  decidedly  greener  in  color  than  those  exposed  to  a  13- 
hour  day. 

Tests  were  made  with  several  sorghums  (Holcus  halapensis  L.)  from 
tropical  Africa  and  India,  seed  of  which  was  furnished  by  the  Office  of 
Forage  Crop  Investigations,  of  the  Bureau  of  Plant  Industry.  Seed 
was  sown  June  17.  The  pots  containing  the  plants  were  transferred  to 
the  greenhouse  October  11  to  prevent  injury  from  cold  weather.  The 
results  of  the  tests  are  summarized  in  Table  I. 

In  the  former  paper  (7)  the  behavior  of  buckwheat  {FagoPyrum  vulgar e 
Hill)  in  the  greenhouse  in  winter  was  briefly  described.  Under  the 
natural  day  length  the  plants  completed  the  life  cycle  within  a  few  weeks, 
attaining  a  relatively  uniform  height  of  only  24  inches.  Increase  in  the 
duration  of  the  daily  light  period  to  about  18  hours  with  electric  light 
gave  marked  irregularity  in  height  attained  and  degree  of  flowering. 
Some  individuals  attained  a  height  of  9  feet  or  more,  and  all  acted  as 
typical  ever-bloomers,  with  indeterminate  growth  characteristics. 
Repetition  of  the  experiment  in  summer  (seed  planted  May  18)  gave 
similar  results  except  that  the  height  attained  by  the  plants  under  the 
longer  natural  day  length  was  increased  to  between  4  and  4K  feet.  Out- 
door tests  also  were  made  in  the  summer  under  regulated  day  lengths 
of  5,  10,  and  13  hours,  with  controls,  all  plantings  being  made  June  8. 
Flowering  began  in  the  controls  on  July  6 ;  in  all  other  cases  on  June  30. 
Under  a  daylight  period  of  5  hours  the  plants  were  very  small  and  soon 
died,  after  having  produced  a  few  seeds.  With  10  hours  of  light  daily 
the  plants  lived  longer  and  attained  a  height  of  24  inches.  Under  the 
13-hour  exposure  the  plants  were  slightly  taller  and  more  seeds  were 
produced.  The  controls  averaged  36  inches  in  height  and  fruited  freely. 
Thus,  it  is  easily  seen  why  buckwheat  makes  best  growth  in  high 
latitudes. 
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Table  I. — Effect  of  length  of  day  on  growth  of  sorghums  from  tropical  Africa  and  British 
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1  The  varietal  numbers  are  those  of  the  Office  of  Foreign  Seed  and  Plant  Introduction,  Bureau  of  Plant 
Industry. 

Roots  of  perennial  wild  sunflower  (Helianthus  giganteus  L.)  transferred 
to  the  greenhouse  in  October  soon  developed  vigorous  shoots.  Under 
natural  daylight  conditions  flower  buds  appeared  early  in  April  and  open 
blossoms  in  May.  With  the  natural  daylight  period  lengthened  by  use 
of  the  electric  light  till  May  26,  flowering  was  inhibited  and  there  were 
no  indications  of  blossoming  as  late  as  July  1. 

Another  wild  sunflower,  Helianthus  angustifolius  L.,  an  eastern  and 
southern  species,  was  planted  in  the  electrically  lighted  house  January  27. 
Under  the  long  daily  light  exposure  the  plants  grew  to  a  height  of  6  to  7 
feet  without  flowering  at  any  time  during  the  year.  Specimens  trans- 
ferred to  a  daily  light  exposure  of  10  hours,  beginning  September  2, 
began  flowering  October  4  (PI.  2,  A).  Another  lot  of  the  plants  ex- 
posed to  the  natural  day  length,  beginning  September  2,  also  flowered 
as  a  result  of  decreasing  day  length  but  much  later  than  those  under  the 
10-hour  exposure.  The  plants  remaining  in  the  electrically  illuminated 
house  finally  formed  flower  buds  in  November,  but  under  the  combined 
influence  of'  the  weak  electric  light  at  night  and  the  natural  light  of  the 
short  winter  days  these  buds  were  prevented  from  unfolding  and  remained 
in  a  practically  dormant  condition  throughout  the  winter. 

Cosmos  bipinnata  Cav.,  planted  November  1,  was  in  flower  December 
22  and  attained  a  final  height  of  30  inches  under  the  normal  day  length. 
Continuing  the  light  period  till  midnight  by  means  of  the  electric  light 
until  arrival  of  the  long  summer  days  inhibited  flowering.  Growth  con- 
tinued until  early  October,  and  the  plants  had  attained  a  height  of  15  feet 
when  forced  into  flowering  by  the  decreasing  day  length. 

Klondike  cosmos  (Cosmos  sulphur ea  L.)  was  planted  April  22  and  had 
germinated  April  25.  Under  a  10-hour  day  beginning  July  6  flower  buds 
were  showing  July  19,  and  the  first  blossoms  were  open  August  1.  The 
control  plants  exposed  to  the  natural  length  of  day  first  showed  flower 
buds  October  1,  and  the  first  open  blossoms  appeared  October  14. 

Corms  of  blazing  star  (Liatris  graminifolia  Walt.)  were  transplanted  to 
metal  buckets  March  27.     Under  a  10-hour  day  the  first  blossoms  opened 
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June  21,  the  plants  averaging  17  inches  in  height.  Under  a  13-hour  day 
blossoming  began  July  22,  and  the  average  height  was  24  inches.  The 
controls  began  flowering  August  26  and  were  slightly  taller  than  the 
13-hour  day  plants.  In  the  following  season  a  second  lot  of  corms  were 
transplanted  from  the  field  May  19  and  exposed  to  different  day  lengths. 
Under  a  10-hour  day  flower  buds  were  showing  June  6,  and  the  first  open 
blossoms  appeared  July  2.  The  average  height  of  the  plants  was  12 
inches.  Under  a  12-hour  day  flower  buds  could  be  seen  June  6,  and  the 
first  blossoms  unfolded  June  30,  when  the  plants  had  attained  a  height 
of  12  inches.  The  controls  were  showing  flower  buds  July  22  and  first 
open  blossoms  September  12.     The  average  height  was  35  inches. 

Tithonia  rotimdifolia  (Mill)  Blake,  planted  January  4,  was  in  bloom 
March  14  under  natural  daylight,  having  attained  a  height  of  48  inches. 
In  the  greenhouse  electrically  lighted  at  night  the  height  on  March  14 
was  27  inches  and  there  were  no  indications  of  flowering.  Blossoming 
was  inhibited  indefinitely  under  these  conditions.  Seed  were  again  sown 
April  6.  The  plants  exposed  to  a  10-hour  day  beginning  June  3  were 
showing  flower  buds  July  27  and  open  blossoms  on  August  13.  The 
control  plants  under  the  full  day  length  showed  no  flower  buds  as  late 
as  September  22. 

Roots  of  sorrel  (Rumex  aceto sella  L.)  were  transferred  to  the  green- 
house October  12.  Under  natural  day  length  aerial  development  was 
limited  to  abundant  leaf  formation,  while  under  the  artificially  lengthened 
illumination  period  flowering  stems  were  formed  and  pollen  was  falling 
January  19.  Thereafter  these  latter  plants  continued  as  typical  ever- 
bloomers.  The  plants  under  the  short-day  exposure,  on  the  other  hand, 
were  very  active  in  the  development  of  underground  stems,  the  soil  of 
the  container  becoming  thickly  studded  with  this  type  of  growth. 
When  grown  in  the  open  bed  in  the  greenhouse  under  the  short-day  con- 
ditions the  plants  produced  underground  stems  2  feet  or  more  in  length. 

Plants  of  roselle  (Hibiscus  sabdarifia  L.)  were  subjected  to  a  10-hour 
day  when  about  10  inches  high,  beginning  July  20.  First  blossoms 
appeared  September  11,  whereas  the  control  plants  did  not  flower  till 
early  November. 

Cuttings  of  smartweed  (Polyganum  sp.)  were  set  in  moist  sand  June 
30.  Under  a  10-hour  light  exposure  the  plants  were  in  blossom  July  21, 
while  the  controls  showed  no  indications  of  flowering  on  August  18. 
The  respective  heights  of  the  plants  July  28  were  14  and  9  inches. 

A  late  fall*  variety  of  chrysanthemum  was  exposed  to  a  10-hour  day, 
beginning  May  12,  and  was  in  blossom  July  28,  while  the  control  plants, 
of  course,  did  not  flower  till  late  fall.  Under  a  13-hour  exposure  flower- 
ing was  about  3  weeks  later  than  under  the  10-hour  exposure.  The 
1  o-hour  day  plants  flowered  freely  and  the  blossoms  were  normal. 

A  very  late  variety  of  dahlia,  known  as  John  Ehlich,  was  placed  under 
a  10-hour  day,  beginning  May  12,  and  the  first  blossom  opened  July  8. 
Under  the  natural  day  length  the  first  blossom  opened  September  27. 

Specimens  of  poinsettia  (Euphorbia  heterophylla  L.),  8  to  10  inches 
high,  exposed  to  10  hours  of  light  daily  after  July  9  soon  flowered,  and 
in  5  to  6  weeks  the  tops  of  the  plants  were  gorgeously  colored.  (PI.  1 9,  A.) 
Similar  plants  exposed  to  12  hours  of  light  daily  blossomed  September  3, 
but  the  upper  leaves  reddened  very  slowly.  The  controls  did  not  flower 
till  November.     The  12-hour  plants  eventually  produced  numerous  viable 
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seed,  whereas  the  10-hour  plants  produced  no  seed.  One  of  the  control 
plants  was  transferred  October  2  to  the  greenhouse  electrically  illumi- 
nated at  night  and  under  these  conditions  continued  in  the  vegetative 
state  without  flowering  throughout  the  winter. 

Roots  of  goldenrod  (Solidago  jnncea  Ait.)  were  transferred  to  the 
greenhouse  November  15,  one  lot  receiving  only  natural  daylight  while 
the  other  lot  received  the  electric  illumination  from  sunset  till  midnight. 
Under  the  lengthened  illumination  period  flowering  began  March  15. 
Beginning  March  10,  the  plants  in  the  control  house  were  placed  in  a 
dark  cabinet  for  a  portion  of  each  day  so  that  they  received  only  1% 
hours  of  light  daily.  In  one  instance  a  short,  weak  flowering  stem 
developed  as  a  result  of  the  stimulus  from  the  natural  increase  in  day 
length  before  the  transfer  to  the  dark  cabinet  was  begun.  The  remain- 
ing plants  formed  no  stems  but  continued  to  form  rosettes  of  leaves  as 
the  older  leaves  perished  (PI.  5,  B).  This  type  of  activity,  with  complete 
suppression  of  stem  development,  persisted  throughout  the  duration 
of  the  experiment,  a  period  of  more  than  18  months. 

Cuttings  of  hedge  bindweed  {Convolvulus  septum  L.)  exposed  to  10 
hours  of  light  daily,  beginning  May  13,  developed  no  flower  buds,  whereas 
the  controls,  exposed  to  the  full  day  length,  were  in  blossom  June  30. 
Other  lots  of  cuttings  were  exposed  to  different  daylight  periods,  begin- 
ning June  7.  The  controls,  as  well  as  the  plants  receiving  13  hours  of 
light  daily,  formed  numerous  flower  buds  and  began  blossoming  June  28 
to  30.  Under  a  12-hour  day  only  three  flower  buds  were,  formed  on  two 
plants,  and  under  an  1  i-hour  day  no  flower  buds  at  all  appeared. 

Seed  of  winter  and  spring  varieties  of  wheat  (Trilicum  vulgar e  L-.),  rye, 
(Secale  cereale  L.),oats  (Avena  sativa  I/.),  and  barley  (Hordeum  vulgar e  I,.) 
furnished  by  the  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry, 
were  planted  in  the  electrically  lighted  and  the  control  greenhouse  units  on 
November  29.  The.  greenhouse  was  kept  relatively  warm,  the  tempera- 
ture usually  running  550  to  6o°  F.  at  night  and  700  to  8o°  during  the  day. 
The  behavior  of  the  plants  under  the  two  conditions  of  illumination  is 
summarized  in  part  in  Table  TI. 

These  results  with  the  small  grains  are  too  limited  in  scope  and  extent 
to  justify  final  conclusions,  but  they  seem  to  show  clearly  that  detailed 
study  of  these  crops  in  their  reactions  to  day  length  would  give  very  inter- 
esting and  valuable  results.  It  appears  that  a  fundamental  distinction 
between  the  winter  and  spring  types  as  such  rests  on  the  rapidity  with 
which  the  latter  respond  to  the  increasing  clay  length  of  spring.4  The 
forcing  action  of  the  electric  light  on  the  spring  types  resulted  in  sparse 
fruiting,  possibly  because  of  the  low  intensity  of  the  light. 

4  Since  this  paper  was  written  Wanser  has  published  in  Science  (WANSER,  H.  M.  riioroi  HkioDisM  or 
wheat;  a  determining  factor  in  ACCLIMATIZATION.  In  Science,  n.  s.,  v.  56,  p.  313-315.  1923)  an  inter- 
esting account  of  a  preliminary  experiment  dealing  with  photoperii  dism  in  wheat,  in  which  distinctive 
photoperiods  are  iound  for  the  jointing  and  the  heading  stages  in  winter  -wheat.  The  fundamental  differ- 
ences between  winter  and  spring  varieties  of  the  small  grains  in  theii  response  t<>  length  of  day  brought 
out  in  the  above  data  arc  confirmed  by  Wanser's  results  with  wheat. 
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Table  II. — Effect  of  length  of  day  on  growth  of  winter  and  spring  varieties  of  wheat,  rye, 

oats,  and  barley. 


Crop. 


Wheat,  Marquis 
(spring),  C.  I.  3641  > 

Wheat,  Purple  Straw 
(winter) 

Rye  (spring), C.  1. 169. 

Rye,   Abruzzi   (win- 
ter), C.I.  40 

Oats,  Swedish  Select, 
(spring),  C.  I.  1426. 

Oats,    Winter    Turf, 
C.  I.  274-20 

Barley,    Manchurian 
(spring),     C.     I. 
19A625 

Barley,     (Tennessee 
Winter),  C.I.  257.., 


Date  of  first  heading. 


Under  elec- 
tric light. 


Jan.     24 


Mar. 
Jan. 


17 
6 


Jan.  24 

Jan.  10 

Feb.  25 

Feb.  1 

Apr.  26 


Average  height 
at  time  of 
heading. 


Control. 


Apr.  8 

Mar.  23 

Mar.  29 

Mar.  23 

Mar.  28 

Apr.      8 

Mar.  1 5 

Apr.  25 


Under 

electric 

light. 


Inches. 
28 

46 
16 


27 

49 
36 


Con- 
trol. 


Inches. 
51 

41 
25 

24 

51 
44 

46 


Average  height, 
May  11. 


Under 

electric 

light. 


Con- 
trol. 


Inches.  \  Inches. 
36  56 


51 
24 


52 
56 


Average  num- 
ber of  basal 
branches. 


Under 

electric 

light. 


62 

61 

36 

72 

61 

51 

40 

46 

36 

36 

31 

6 


25 
28 

33 
16 


Con- 
trol. 


25 

13 
3° 

II 

19 

33 
26 


1  The  varietal  numbers  are  those  of  the  Office  of  Cereal  Investigations,  Bureau  of  Plant  Industry. 

Young  plants  of  arrowhead  (Sagittaria  latifoUa  Wild),  taken  from  "a 
marsh,  were  transplanted  to  3-gallon  metal  buckets  with  perforated  bot- 
tom and  containing  garden  soil  maintained  at  approximately  optimum 
moisture  content  for  such  plants  as  soybeans.  Similar  lots  of  plants  also 
were  transplanted  to  3-gallon  earthen  jars  containing  6  inches  of  soil  cov- 
ered to  a  depth  of  4  to  5  inches  with  water.  Under  a  10-hour  day  .begin- 
ning May  3,  two  plants  in  a  metal  bucket  flowered  June  14  and  17,  respec- 
tively, and  three  individuals  in  an  earthen  jar  flowered  June  28,  July  5, 
and  July  9,  respectively.  Two  controls  in  each  of  two  earthen  jars,  ex- 
posed to  the  full  day  length,  flowered  August  19,  22,  24,  and  27,  respec- 
tively. The  plants  in  the  metal  bucket  were  restored  to  the  full  daylight 
period  June  17,  and  one  of  these  flowered  the  second  time  on  August  22. 
In  a  second  series,  transplanted  May  15,  three  plants  in  each  of  two  earthen 
jars  exposed  to  10  hours  of  light  daily,  beginning  May  15,  began  flowering 
June  11  and  14,  respectively.  Under  10-hour  day,  beginning  June  13, 
four  plants  in  an  earthen  jar  flowered  June  27,  28,  29,  and  30,  respec- 
tively, while  under  a  12-hour  day  one  of  three  plants  flowered  on  June  3c 
and  the  other  two  on  July  2.  Under  a  10-hour  day,  beginning  June  23, 
two  plants  in  a  metal  bucket  flowered  July  5.  The  controls  of  the  second 
series,  transplanted  May  15  to  an  earthen  jar  and  to  a  metal  bucket,  had 
not  flowered  September  20. 

Very  young  plants  of  jewelweed  (Impatiens  biflora  Walt)  were  trans- 
ferred from  title  swamp  to  3-gallon  metal  buckets  April  12,  five  plants 
being  set  in  each  bucket.  Under  a  10-hour  day  flowering  began  June  7. 
The  controls  began  flowering  July  6. 

Morning-glory  (Ipomoea  hederacea  Jacq.)  was  planted  June  8  and 
had  germinated  June  11.  Under  a  10-hour  day  flower  buds  appeared 
July  2  and  the  first  open  blossoms  were  in  evidence  July  10  (PI.  2,  B). 
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The  controls  showed  flower  buds  August  25  and  open  blossoms  September 
9.  The  10-hour  light  exposure  produced  a  decidedly  darker  shade  of 
green  in  the  foliage  leaves  than  did  the  full  summer  day  length.  These 
short-day  plants  continued  to  grow  slowly  through  the  flowering  period 
and  were  still  green  September  23. 

Seeds  of  Brazilian  morning-glory  (Ipomoea  setosa  L.)  were  planted 
June  8,  and  the  seedlings  had  emerged  from  the  ground  on  June  11. 
Exposed  to  10  hours  of  light  daily,  the  plants  were  showing  flower  buds 
July  5  and  the  first  blossoms  opened  July  19.  On  the  controls  flower 
buds  could  be  seen  August  25  and  the  first  blossoms  opened  September  9. 

The  dwarf  morning-glory,  Convolvulus  tricolor  L.,  was  planted  June  8 
and  had  germinated  June  11.  Under  a  10-hour  day  the  plants  were 
unable  to  flower  but  remained  green  and  continued  to  grow  vigorously. 
The  controls  under  the  natural  length  of  day  were  showing  flower  buds 
August  1  and  first  open  blossoms  August  1 1 .  After  a  period  of  flowering 
through  August  these  plants  reverted  to  the  purely  vegetative  phase  of 
activity  after  the  first  week  in  September,  assuming  a  condition  com- 
parable with  that  of  the  plants  exposed  to  a  10-hour  day. 

Moonvine  (Calonyction  aculeatum  (L.)  House)  planted  June  8  had 
germinated  June  11.  With  10  hours  of  light  daily  flower  buds  appeared 
July  1 5  and  open  blossoms  August  5 .  On  the  controls  flower  buds  could  be 
seen  July  23  and  open  blossoms  August  16. 

Seeds  of  cypress  vine  (Quamoclit  pennata  (Desr.)  Voigt)  were  planted 
June  8  and  appeared  above  ground  June  11.  Under  10  hours  of  light 
daily,  flower  buds  were  showing  June  22  and  the  first  blossoms  were 
open  July  5.  On  the  controls  the  first  open  blossoms  appeared  August  3. 
The  short-day  plants  grew  more  rapidly  and  were  darker  in  color  than 
the  controls  exposed  to  the  full  day  lenght. 

LONG-DAY  AND    SHORT-DAY    PLANTS   AND   THE    CRITICAL    LENGTH    OF    DAY 

FOR  FLOWERING 

As  pointed  out  in  the  earlier  paper  and  further  illustrated  in  the 
preceding  data,  the  plants  studied  tend  to  arrange  themselves  into  two 
groups.  One  of  these  groups  consists  of  species  that  are  caused  to 
flower  by  the  action  of  short  days  while  the  other  includes  those  species 
that  are  forced  into  flowering  through  the  action  of  long  days.  For 
convenience  the  first  named  group  are  spoken  of  as  short-day  plants 
while  the  second  group  are  designated  as  long-day  plants.  At  first  sight 
it  would  seem  that  these  two  groups  of  plants  are  diametrically  opposed 
in  their  response  to  length  of  day,  but  detailed  study  of  the  two  groups 
indicates  that  the  difference  is  one  of  degree  rather  than  of  kind.  In 
fact,  classification  into  the  two  groups  is  more  or  less  arbitrary.  In  the 
case  of  such  plants  as  Cosmos  and  Bidens,  flowering  is  inhibited  by  a 
daily  light  exposure  much  in  excess  of  12  hours'  duration,  while  vegetative 
development  promptly  gives  way  to  flowering  when  the  light  period  is 
reduced  to  12  hours  or  less.  These  plants  will  flower  even  when  receiving 
only  a  few  hours  of  light  daily ;  in  other  words,  it  is  not  possible  to  reduce 
the  light  duration  sufficiently  to  prevent  flowering  without  killing  theplants. 
On  the  other  hand,  Solidago  and  Hibiscus  are  readily  prevented  from 
flowering  by  reducing  the  light  period  to  something  less  than  12  hours, 
although  under  these  conditions  they  may  continue  to  live  and  may  even 
continue  development  in  certain  directions.  These  plants  are  not  inhib- 
ited from  flowering  by  increasing  the  light  duration  beyond  the  normal. 
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The  important  point  is  that  the  inhibition  of  flowering  in  the  first  case 
by  a  long  light  period  is  not  of  the  same  sort  as  the  inhibiting  effect  of  a 
short  light  period  in  the  second  case;  that  is,  the  inhibition  in  the  two  cases 
results  in  different  alternative  forms  of  vegetative  activity,  as  will  be 
shown  in  later  paragraphs.  There  are,  moreover,  plants  which  may  be 
said  to  occupy  an  intermediate  position  in  that  it  is  possible  to  have  a  day 
length  too  long  as  well  as  one  too  short  to  induce  flowering.  Mikania 
scandens  L.,  briefly  discussed  in  our  former  paper  (7),  is  an  example  of 
this  type.  In  the  wild  state  Mikania  regularly  flowers  in  late  July  and 
through  August,  and  if  kept  in  the  greenhouse  through  the  winter  it  also 
usually  flowers  very  sparsely  in  the  spring.  Seedlings  from  a  planting 
made  December  10  were  unable  to  flower  under  the  influence  of  the 
lengthened  daily  light  period  in  the  electrically  illuminated  greenhouse, 
while  similar  plants  in  the  control  greenhouse  flowered  at  the  usual  time 
in  August  of  the  following  summer.  On  the  other  hand,  this  species  was 
unable  to  flower  through  the  summer  or  fall  under  day  lengths  of  5,  10, 
and  13  hours'  duration.  The  Biloxi  variety  of  soybeans  (Soja  max  (L.) 
Piper),  discussed  in  detail  in  the  former  paper  (7),  occupies  a  position 
slightly  below  the  intermediate  position  of  Mikania  in  response  to  day 
length.  In  this  case  flowering  is  readily  inhibited  by  a  day  length  in 
excess  of  13  hours.  On  the  other  hand,  with  very  short  day  lengths 
only  a  very  few  cleistogamous  flowers  and  fewer  seed  are  developed  but 
the  reproductive  phases  apparently  can  not  be  entirely  suppressed. 

Thus,  there  are  species  occupying  various  positions  within  the  annual 
range  of  day  length  with  respect  to  the  initiation  of  reproductive  activi- 
ties, and  there  is  no  definite  line  of  division  between  long-day  plants 
and  short-day  plants.  An  illumination  period  on  one  side  of  the  critical 
duration  for  flowering  promotes  certain  forms  of  vegetative  activity, 
while  a  light  period  lying  on  the  other  side  of  the  critical  promotes  other 
forms  of  vegetative  activity,  as  will  be  shown  under  the  discussion  of 
apogeotropism  (p.  886). 

Not  only  do  plants  differ  markedly  as  to  the  particular  length  of  day 
most  favorable  for  flowering  but  they  also  differ  widely  as  to  the  nar- 
rowness of  the  range  in  day  length  which  will  permit  of  flowering.  Ex- 
periments with  Mikania,  referred  to  above,  indicate  that  under  ordinary 
conditions  this  plant  will  readily  flower  only  under  a  day  length  ranging 
but  little  beyond  an  hour  on  either  side  of  14^  hours,  which  is  approxi- 
mately the  optimum  for  flowering.  Buckwheat  flowers  readily  under  a 
daily  illumination  period  ranging  at  least  from  5  hours  up  to  18  or  20 
hours  and  probably  even  under  continuous  illumination,  notwithstand- 
ing the  fact  that  the  extent  of  vegetative  development  and  life  duration 
are  profoundly  affected  by  this  range  in  the  length  of  the  light  period. 
While  there  is  a  certain  degree  of  antagonism  or  incompatibility  between 
the  vegetative  and  reproductive  phases  of  activity,  the  two  obviously 
are  not  necessarily  affected  to  the  same  degree  by  a  given  change  in 
duration  of  the  light  period.  Viola  papilionacea  Pursh  will  flower  under 
all  lengths  of  day  met  with  in  temperate  regions  except  for  a  short  period 
in  midwinter.  In  the  broadest  sense  the  plant  will  flower  continuously 
for  about  10  months  of  the  year,  a  conspicuous  example  of  everbloomiug. 
During  the  summer  months,  however,  only  the  cleistogamous  type  of 
flower  is  seen  while  in  spring  and  fall  only  the  showy  blue,  chasmoga- 
mous  blossoms  develop.  By  maintaining  a  light  period  equivalent  to 
the  long  summer  days  the  cleistogamous  flowering  continues  indefinitely 
and,   similarly,   a  considerably  shorter  light  period   will   maintain   the 
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open  type  of  flowering  indefinitely,  thus  illustrating  a  narrower  type  of 
everblooming  (8).  In  this  case  the  whole  effect  of  the  range  in  length 
of  day  from  February  to  the  summer  solstice  is  merely  to  change  the 
type  of  blossom  (involving  change  in  relative  fertility). 

Thus,  beginning  with  the  equatorial  length  of  day  of  12  hours  as  the 
standard,  it  may  be  said  that  a  group  of  plants  normally  will  flower 
under  any  range  downward  to  less  than  6  hours,  while  another  group 
will  flower  under  any  range  upward  to  at  least  18  hours  and  probably 
up  to  continuous  illumination.  Other  plants  will  flower  only  within  a 
comparatively  narrow  range  on  either  side  of  the  12-hour  standard. 
Still  others  are  capable  of  flowering  throughout  these  ranges,  their 
response  being  quantitative  rather  than  qualitative  in  character. 

BALANCE    BETWEEN    FLOWERING    AND    VEGETATIVE    ACTIVITY 

Within  the  range  of  duration  of  light  exposures  which  will  admit  of 
alternative  forms  of  expression  there  are  in  most  cases  certain  expo- 
sures favorable  only  to  sexual  reproduction  and  other  exposures  favor- 
able only  to  vegetative  activity.  That  is,  there  are  more  or  less  definite 
optima  in  light  exposures  for  the  two  alternative  forms  of  expression. 
The  question  arises  as  to  the  response  of  the  plant  to  light  exposures 
intermediate  between  those  specifically  favorable  to  the  two  types  of 
activity.  In  reality  the  effects  of  these  intermediate  exposures  are 
important  and  are  both  quantitative  and  qualitative  in  character. 
There  are  two  aspects  of  the  problem.  Under  artificial  control,  fixed 
day  lengths  of  intermediate  duration  may  be  studied,  whereas,  in  nature, 
there  is  a  graduated  change  from  one  optimum  toward  the  other  and  of 
course  the  change  may  be  in  either  direction. 

One  of  the  effects  of  an  intermediate  light  exposure  is  a  tendency 
toward  the  condition  of  everflowering  in  which  the  plant  divides  its 
activity  between  the  vegetative  and  the  reproductive  phases  of  develop- 
ment. As  the  day  length  approaches  the  optimum  for  flowering,  the 
vegetative  phase  of  activity  is  reduced  more  or  less  and  vice  versa. 
Thus,  the  Yellow  Dent  variety  of  corn  grown  in  summer  in  the  green- 
house, with  electric  light  at  night  to  give  an  illumination  period  of  18 
hours,  produced  larger,  taller,  and  longer-lived  stalks  while  the  ears 
were  longer,  with  longer  stems,  but  were  poorly  filled  as  compared  with 
the  controls  exposed  to  the  normal  summer  day  length.  Again,  under 
a  10-hour  day  Biloxi  soybeans  gave  per  plant  a  dry  weight  of  10.9  gm. 
of  stalk  and  36.6  gm.  of  seeds,  a  ratio  of  1  to  3.3.  The  corresponding 
values  under  a  13-hour  day  were  65.8  gm.  of  stalk  and  95.3  gm.  of  seeds, 
a  ratio  of  1  to  1.4.  Under  the  10-hour  day  growth  ceased  as  soon  as 
flowering  began,  but  under  the  13-hour  day  there  was  a  tendency  toward 
everbearing,  for  growth  and  fruiting  proceeded  simultaneously.  A  con- 
siderable volume  of  data  which  need  not  be  considered  in  detail  here 
has  been  obtained  with  soybeans  grown  under  artificially  regulated  day 
lengths  and  planted  in  the  field  at  stated  intervals  during  the  season,  all 
of  which  further  exemplify  this  principle  of  the  influence  of  intermediate 
day  lengths  on  the  quantitative  relation  between  vegetative  and  repro- 
ductive activities. 
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Table  III. — Effect  of  Length  of  the  daily  light  period  on  the  size  of  seed  in  different  varieties 

of  soybeans 


Average  weight  of  500  seeds. 

Length  of  daily  light  exposure. 

Man- 
darin. 

Peking. 

Gm. 

43-2 
48.4 

36.0 

49.2 

37- 0 

37-4 
62.8 

30.0 

Tokyo. 

Gm. 

no.  4 
130.6 

60.  4 

Biloxi. 

Germinated  May  17: 

Full  daylight   throughout,   15  to 
11^4  hours 

5  hours  till  1  week  after  flowering; 
full  daylight  thereafter 

Gm. 

IOO.  O 
67.6 

85.8 

Gm. 

Did  not  mature. 
131.  2 

88.4 

Full    daylight    till    flowering;     7 
hours  thereafter 

Full    daylight    till    flowering;      5 
hours  thereafter 

105.0 

99.8 
125.8 

Germinated  June  15: 

Full  daylight  throughout,  15  to  11^ 

12  hours  throughout 

Darkness  10  a.  m.  to  2  p.  m.  (and 
at  night)  throughout 

93-8 

89.4 

Did  not  mature. 
129.  8 

It  has  been  found,  also,  that  the  size  of  the  individual  seed  is  influ- 
enced by  the  relation  of  the  prevailing  light  period  to  the  respective 
optimal  period  for  vegetative  and  reproductive  development.  The 
data  presented  in  Table  III  throw  light  on  this  question.  It  is  seen  that 
in  the  early  variety  of  soybeans,  Mandarin,  which  fruits  readily  in  the 
longest  days  of  summer,  shortening  the  light  period  to  12  hours  or  less 
reduced  the  size  of  the  seed  and  restoring  the  plant  to  the  full  summer 
daylight  period  after  flowering  had  occurred  tended  to  offset  the  unfavor- 
able influence  of  the  previous  exposure  to  5  hours  of  light  daily.  With 
the  later  varieties,  requiring  shorter  days  for  flowering,  the  results  are 
quite  different.  For  these  a  12-hour  exposure  gives  decidedly  larger 
seeds  than  the  full  day  length  of  summer  and  for  the  Tokyo  and  Biloxi  a 
7-hour  day  gives  fully  as  large  seed  as  a  12-hour  day.  A  5-hour  light  period 
till  flowering,  followed  by  exposure  to  the  full  day  length,  reduced  the 
size  of  the  seed  markedly  in  all  except  the  early  variety.  A  midday 
period  of  darkness  acted  unfavorably.  All  these  data  harmonize  with 
previous  results  on  the  action  of  regulated  day  lengths  in  initiating  or 
inhibiting  flowering  and  fruiting  in  these  varieties  of  soybeans. 

An  intermediate  light  exposure  tends  to  delay  the  time  of  flowering,  and 
as  the  light  period  is  advanced  toward  the  optimum  for  vegetative  devel- 
opment flowering  is  more  and  more  delayed,  the  tendency  being  toward 
more  or  less  indefinite  inhibition.  Biloxi  soybeans  which  germinated 
June  1  began  flowering  June  27  under  a  10-hour  day,  while  the  first 
blossoms  appeared  July  13,  16  days  later,  under  a  13-hour  day.  Other 
plantings  gave  very  similar  results.  It  has  previously  been  shown  that 
a  day  length  of  14  hours  or  more  delays  flowering  indefinitely  in  the 
Biloxi.  The  Peking  variety  planted  on  June  18  began  flowering  July  14 
under  a  13-hour  day  as  well  as  under  a  10-hour  day  for  the  reason  that 
the  13-hour  day  length  does  not  materially  exceed  the  optimum  for 
flowering  in  this  variety.  It  should  be  noted,  however,  that  develop- 
ment and  ripening  of  the  seed  of  the  Peking  are  decidedly  hastened  by 
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the  10-hour  day  as  compared  with  the  13-hour  day.  By  referring  to 
Table  I  it  will  be  seen  that  a  13-hour  day  delayed  flowering  in  varying 
degrees  in  different  varieties  of  sorghum  as  compared  with  a  10-hour 
day.  As  previously  noted,  flowering  in  chrysanthemum  and  poinsettia, 
also,  was  delayed  by  a  13-hour  exposure  as  compared  with  a  10-hour 
exposure.  As  a  rather  extreme  case  reference  is  made  to  the  behavior 
of  wild  sunflower  as  described  on  page  875 .  In  this  instance  the  unfolding 
of  the  flower  buds  was  delayed  for  several  months  by  the  long  daily  light 
exposure. 

As  the  light  period  is  shifted  away  from  the  flowering  optimum  and 
toward  the  optimum  for  vegetative  development  one  of  the  effects  is 
cleistogamy.  Thus,  the  sparse  flowering  of  Mikania  in  spring,  previously 
referred  to,  when  the  increasing  day  length  is  moving  toward  the  optimum 
for  vegetative  activity,  is  usually  associated  with  a  cleistogamous  type 
of  blossom.  The  cleistogamous  flower  of  the  violet  during  the  long 
summer  days  is  to  be  regarded  as  a  step  away  from  the  open,  blue, 
colored  blossom  of  spring  and  toward  the  purely  vegetative  form  of 
development.  These  results  are  in  line  with  observations  of  Bouche' 
(4)  on  certain  species,  reported  in  1875. 

CHANGE  FROM  THE  REPRODUCTIVE  TO  THE  PURELY  VEGETATIVE  FORM 

OF  ACTIVITY 

It  is  of  interest  to  inquire  further  into  the  effect  of  changing  the  plant 
from  the  optimal  light  exposure  for  sexual  reproduction  to  one  approxi- 
mating the  optimal  for  vegetative  activity.  If  made  in  the  earliest 
stages  of  development  of  the  plant  the  change  in  light  exposure  would 
have  little  or  no  qualitative  effect,  while  if  made  only  after  senescence 
has  reached  an  advanced  stage  the  only  action  of  importance  would 
necessarily  involve  rejuvenescence.  This  latter  condition  will  be  con- 
sidered in  later  paragraphs. 

Plantings  of  Cosmos  bipinnata  Cav.  in  12-quart  galvanized  iron  buckets 
germinated  July  5,  each  bucket  containing  about  a  dozen  seedlings. 
At  the  outset  all  plants  were  exposed  to  a  10-hour  day,  a  light  period 
which  quickly  forces  flowering.  Beginning  July  6,  one  bucket  of  seedlings 
was  transferred  on  each  alternate  day  from  the  10-hour  day  to  the  full 
daylight  exposure  of  summer  at  Washington,  D.  C.  All  control  plants 
remaining  under  the  10-hour  day  were  showing  flower  buds  on  July  26. 
All  plants  transferred  to  the  long-day  conditions  on  or  after  July  18 
likewise  were  showing  flower  buds  on  July  26,  while  the  plants  transferred 
during  the  period  July  6  to  16,  were  showing  no  flower  buds  as  late  as 
September  2.  It  is  evident  that  an  exposure  to  a  10-hour  day  for  not 
less  than  10  days  is  necessary  to  bring  the  flower  buds  into  evidence. 
The  dates  of  first  open  blossoms  ranged  from  August  9  for  the  plants 
remaining  under  the  10-hour  day  till  July  26,  to  August  21  for  those 
transferred  to  the  long-day  conditions  on  July  18.  A  notable  feature 
was  that  of  the  numerous  flower  buds  formed  on  the  plants  which  were 
removed  from  the  10-hour  light  exposure  on  July  18  and  July  20  only 
a  few  were  able  to  open,  the  others  being  permanently  suppressed,  a 
result  which  has  often  been  observed  in  cosmos  and  other  plants.  The 
foreshortening  of  the  primary  axis,  with  resultant  crowding  together 
of  nodes,  associated  with  the  formation  of  the  terminal  flower  bud,  is 
followed  by  considerable  swelling  of  the  nodal  tissues  immediately  be- 
neath the  bud  as  a  result  of  the  stimulus  from  the  longer  day.     New 
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vegetative  shoots  encircling  the  flower  buds  soon  begin  to  elongate, 
and  the  latter  apparently  is  deprived  of  the  necessary  nutrition  for 
development.  It  should  be  pointed  out  that  in  this  experiment  the 
formation  of  flower  buds  in  all  cases  was  associated  with  marked  branch- 
ing at  the  tops  of  the  plants,  while  branching  did  not  occur  in  those 
plants  in  which  flower-bud  formation  was  inhibited  by  the  lengthened 
light  exposure. 

A  similar  experiment  was  undertaken  with  Biloxi  soybeans.  The 
seed,  sown  in  12-quart  buckets,  germinated  July  2,  and  at  the  outset 
all  seedlings  were  exposed  to  a  10-hour  da}>\  Beginning  July  6  one  lot 
of  seedlings  was  transferred  each  succeeding  day  to  permanent  outdoor 
conditions,  the  last  lot  being  transferred  July  25.  The  results  are  shown 
in  Table  IV.  The  response  to  the  change  in  the  light  period  is  similar 
to  that  of  Cosmos.  Here,  again,  10  days'  exposure  to  short-day  con- 
ditions was  the  minimum  for  inducing  flower  formation.  All  plants 
thus  responding  also  flowered  again  at  the  normal  time  for  the  variety 
in  early  fall  as  a  result  of  the  natural  shortening  of  the  day.  It  will 
be  observed  that  although  flowering  was  successfully  accomplished  where 
the  soy  beans  were  exposed  to  the  10-hour  day  for  10  to  20  days  no  fruits 
were  developed,  a  fact  which  is  regarded  as  important.  Although  the 
blossoms  appeared  to  be  normal  it  seems  that  under  the  influence  of 
the  long-day  exposure  even  the  stimulus  of  fertilization  was  not  sufficient 
to  permit  development  of  the  seed.  Beginning  with  an  exposure  to 
the  10-hour  daily  light  period  for  1 1  days  the  fruits  in  increasing  numbers 
were  successfully  developed. 

Table  IV. — Effect  of  transferring  Biloxi  soybeans  at  intervals  of  one  day  from  a  10-hour 
daily  light  exposure  to  the  full  daylight  period  of  summer 


Date  trans-: 
ferred  to 
full  day- 
light. 


July 


/ 
8 

9 
10 
11 
12 

13 
U 

*5 

16 

17 
18 

19 
20 

21 

22 

23 
24 

25 


Date  of 
opening 

of  first 
blossom. 

vSept.  13 
. ..do 

Date  of 

second 

(normal) 

blossoming 

period. 

Aver- 
age 
height 

of 
plants. 

Inches. 
42 
42 
42 
42 
42 
42 
42 
42 
42 
40 
40 
40 
40 

39 

3* 
36 
35 
32 
28 

Sept.  14 

Sept.  13 

. ..do 

..do 

Aug.     9 
...do 
...do 

July  31 

. . .do 

. ..do 

Sept  15 
Sept.  14 

...do 

...do 

...do 

. .do. . 

...do 

July    27 
July   26 

...do 

...do 

...do 

...do 

. ..do 

...do 

.  ..do 

...do 

...do 

...do 

...do 

...do 

...do 

Seed  formation. 


No  pods  formed. 

Do. 

Do. 

Do. 

Do. 

Do. 
No  pods  formed  from  first  blossoms. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
A  few  pods  formed  from  first  blossoms. 
Numerous  pods  formed  from  first  blossoms. 

Do. 
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SPRING   FLOWERING   AND    FALL   FLOWERING 

The  facts  brought  out  in  the  preceding  discussion  of  the  relation 
between  long-day  and  short-day  plants  and  the  balance  between  the  vege- 
tative and  the  reproductive  types  of  activity  throw  light  on  the  relation- 
ships existing  between  spring-flowering  and  fall-flowering  plants.  As  is 
well  known,  many  plants  normally  flower  only  during  the  spring,  while 
many  others  regularly  flower  only  in  the  fall.  There  are  a  number  of 
plants,  however,  which  flower  in  both  spring  and  fall,  although  usually 
there  is  a  marked  difference  in  the  extent  of  the  flowering  during  the  two 
seasons.  Finally,  there  is  a  large  group  of  plants  which  blossom  in  mid- 
summer and  a  smaller  group  which  under  favorable  conditions  flower  in 
winter.  It  is  well  known  that  in  a  very  large  number  of  perennials  the 
flower  buds  are  organized  during  the  summer  or  early  fall  of  the  year 
preceding  that  in  which  the  blossoms  finally  open,  so  that,  in  considering 
the  effects  of  light  duration,  it  is  necessary  to  avoid  confusing  the  action 
on  the  laying  down  of  primordia  and  that  on  the  final  unfolding  of  the 
blossom. 

Broadly  speaking,  in  cool  temperate  regions  short-day  plants  will  flower 
chiefly  in  the  fall  rather  than  in  the  spring  because  of  the  lag  in  tempera- 
ture rise  in  spring  as  compared  with  the  lengthening  of  the  day.  In  other 
words,  in  spring  the  day  length  is  likely  to  become  too  long  for  flowering 
of  short-day  plants  before  the  temperature  has  risen  sufficiently  to  permit 
plants  to  become  active.  This  is  true  more  particularly  of  the  annuals 
and  those  herbaceous  perennials  which  require  considerable  vegetative 
development  as  an  antecedent  to  flowering.  That  plants  of  these  types 
which  regularly  flower  in  the  fall  will  actually  flower  in  the  spring  when 
the  obstacle  of  low  temperature  is  removed  has  been  demonstrated  in  a 
number  of  cases.  As  a  specific  illustration  Peking  soybeans  germinating 
in  the  greenhouse  March  31  showed  first  open  blossoms  on  May  12,  or  42 
days  after  appearance  above  ground,  while  a  second  lot  germinating  April 
13,  just  two  weeks  later  than  the  first  planting,  did  not  show  open  blos- 
soms till  July  16,  90  days  after  germination.  Plantings  of  the  Biloxi 
soybeans  made  on  the  same  dates  failed  to  flower  till  September,  since 
the  day  length  was  already  above  the  critical  for  flowering  in  this  variety. 
The  Biloxi  quickly  flowers,  however,  if  planted  in  winter  or  early  spring 
in  the  greenhouse.  Indirectly,  the  many  experiments  already  described 
in  which  various  plants  have  been  forced  into  flowering  out  of  season  by 
shortening  the  light  period  or  inhibited  from  flowering  in  the  normal 
season  by  increasing  the  light  period  furnish  proof  of  this  relationship  of 
spring  and  fall  flowering  in  the  short-day  plants.  As  the  critical  light 
period  for  flowering  becomes  longer  the  chances  for  spring  flowering  of  the 
species  are  increased  till  finally  spring  flowering  merges  with  summer 
flowering  in  those  species  which  are  intermediate  between  the  more  typical 
short-day  and  long-day  plants.  Again,  sparse  flowering  in  spring  is  to  be 
looked  for  in  those  of  the  short-day  plants  which  are  able  to  flower  at  all, 
for  the  reason  that  the  change  in  day  length  is  toward  the  optimum  for 
vegetative  activity  and  away  from  the  optimum  for  flowering.  It  is  under 
these  conditions,  also,  that  various  modifications  and  abnormalities  in 
flowering  and  fruiting,  quantitative  as  well  as  qualitative,  are  most  likely 
to  occur.  On  the  other  hand,  the  short-day  plants  as  a  whole  will  have 
their  energies  thrown  into  flowering  and  fruiting  more  or  less  quantita- 
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tively,  as  it  were,  through  the  change  in  day  length  in  the  fall  when  the 
change  is  away  from  the  optimum  for  vegetative  activity  and  toward  the 
optimum  for  sexual  reproduction.     One  importamt  qualification  must  be 
made  to  this  principle,  namely,  that  it  holds  good  only  so  long  as  the  day 
length  does  not  become  too  short  for  the  flowering  and  fruiting  processes. 
The  long-day  plants,  on  the  other  hand,  through  late  spring  and  early 
summer  are  subjected  to  a  changing  day  length  which  is  approaching 
the  optimal  for  sexual  reproduction,  hence  it  is  to  be  expected  that  these 
plants  would  flower  and  fruit  abundantly  during  this  period.     A  large 
proportion  of  spring  flowering  plants  consists  of  woody  and  herbaceous 
perennials  in  which  the  flower  primordia  are  organized  during  the  summer 
preceding  the  spring  in  which  the  blossoms  unfold.     In  this    case  it 
seems  probable  that  the  optimal  day  length  for  flower  development 
following  the  summer  solstice  passes  by  before  the  embryonic  flower 
buds  have  made  much  progress  in  their  development  and  the  direction 
of  the  change  in  day  length  through  late  summer  and  the  fall  is  away 
from  this  optimum  for  flowering  and  fruiting  and  toward  or  through  the 
optimum    for    vegetative    activity.     Under    these    conditions    further 
development  of  the  flower  buds  would  be  attended  with  difficulty  so  that 
their  growth  would  be  slow.     If  the  onset  of  cold  weather  is  delayed, 
some  species  may  flower  in  the  fall  instead  of  in  the  normal  spring  season. 
In  some,  and  probably  in  most  instances,  however,  flowering  would  be 
inhibited  by  the  short  days  of  late  fall  and  winter.     On  the  other  hand, 
the  cold  weather  of  winter  may  exercise  a  distinctly  helpful  influence 
on  the  completion  of  the  flowering  process  by  establishing  a  favorable 
balance  of  income  over  outgo.     Consequently,  the  earliness  of  flowering 
in  the  spring  will  depend  largely  on  how  soon  the  temperature  rises  to 
the  point  where  development  can  actively   proceed.     The  necessary 
internal  conditions  for  flowering  having  been  established,  it  remains  for 
rise  in  temperature  in  spring  to  speed  up  the.  unfolding  of  the  blossoms. 
Nevertheless,  the  increasing  length  of  the  day  in  the  spring  undoubtedly 
remains  a  factor,  particularly  in  those  species  which  do  not  unfold  their 
blossoms  till  spring  is  well  advanced.     This  is  seen,  for  example,  in  the 
case  of  the  beet  (p.  888). 

APOGEOTROPISM,  OR  INCREASE  IN  STATURE 

Apogeotropism  or  increase  in  stature  is  a  response  of  great  importance 
in  photoperiodism ;  and,  in  tact,  the  experimental  data  thus  far  secured 
as  a  whole  seem  to  indicate  that  in  a  sense  this  is  the  fundamental 
phenomenon  underlying  the  various  other  responses,  including  flowering 
and  fruiting,  which  are  discussed  in  this  paper.  It  appears  that,  in 
general,  there  is  an  optimal  length  of  day  for  apogeotropic  growth  and 
any  change  to  suboptirnal  conditions  will  result  in  checking  the  apogeo- 
tropic type  of  vegetative  development,  to  be  followed  by  various  other 
forms  of  expression.  With  sufficient  departure  from  the  optimal  light 
period  the  primary  axis  may  be  completely  suppressed  and  aerial  growth 
practically  confined  to  leaf  development,  as  typically  shown  in  the  leaf 
rosette  of  stemless  plants.  Another  typical  form  of  expression  result- 
ing from  a  rather  extreme  suboptirnal  light  period  is  the  prostrate  or 
creeping  habit  of  growth,  stem  elongation  taking  place  without  increase  in 
stature.  As  the  day  length  is  advanced  toward  the  optimum  the  rate 
of  vertical  elongation,  as  well  as  the  final  stature  attained,  are  increased. 
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This  relationship  seems  to  hold  whether  or  not  flowering  is  involved  and 
applies  also  to  branches  and  leaf  stems  as  well  as  to  the  primary  axis. 
The  seasonal  length  of  day  may  be  either  too  long  or  too  short  for  maximal 
apogeotropic  response. 

It  is  probable  that  the  first  important  result  of  departure  from  the 
optimal  day  length  for  apogeotropism  is  a  foreshortening  of  the  stem 
which  results  in,  or  at  least  is  accompanied  by,  transformation  of  the 
terminal  portion  into  an  inflorescence.  With  a  more  marked  departure 
from  this  optimum,  such  as  would  completely  eliminate,  apogeotropic 
stein  elongation,  flowering  gives  way  to  leaf  development.  In  other 
words,  the  foreshortening  is  pushed  to  the  point  where  the  terminal 
flower  bud  is  replaced  by  the  leaf  rosette.  This,  at  least,  expresses  the 
result  morphologically  even  if  it  should  have  no  physiological  basis. 
As  has  been  previously  pointed  out,  many  short-day  plants  of  the  type 
of  Cosmos  and  Bidens  continue  for  a  more  or  less  indefinite  period  verti- 
cal elongation  of  the  axis  under  the  influence  of  long  days.  As  the  day 
length  is  reduced  to  suboptimum,  elongation  of  the  axis  is  checked  and 
flowering  quickly  follows.  In  these  plants  stem  elongation  can  scarcely 
be  completely  eliminated  by  reducing  the  day  length,  and  likewise 
flowering  can  not  be  readily  inhibited  by  this  means.  In  many  long-day 
plants,  on  the  other  hand,  apogeotropism  may  not  be  pushed  so  far  as 
to  inhibit  the  foreshortening  and  flowering,  but  by  reducing  the  day 
length  initial  elongation  of  the  axis  is  readily  prevented.  It  is  probable, 
moreover,  that  some  of  the  woody  perennials  will  be  found  to  occupy  an 
intermediate  position  in  which  more  or  less  indefinite  apogeotropic 
growth  is  induced  by  the  optimal  light  period,  on  the  one  hand,  and  such 
growth  completely  inhibited,  on  the  other  hand,  by  suitable  change  of 
the  light  period  to  suboptimum. 

A  few  examples  illustrative  of  the  above-mentioned  responses  will  be  of 
interest.  In  Comos,  as  stated  on  page  875,  the  axis  reached  a  height  of 
15  feet  under  the  influence  of  a  long  daily  light  exposure,  and  then  flower- 
ing occurred  only  because  of  a  decrease  in  the  light  period,  whereas  the 
final  height  attained  under  short-day  conditions  throughout  was  only  30 
inches.  Bidens,  which  behaves  like  Cosmos  under  long-day  conditions, 
may  attain  a  height  of  only  2  inches  when  exposed  to  a  short-day  length, 
the  foreshortening  of  the  axis  being  followed  by  flowering.  It  was  pointed 
out,  also,  that  while  buckwheat  flowers  under  all  day  lengths  employed, 
under  the  longer  light  periods  flowering  is  accompanied  by  marked  in- 
crease in  stature,  the  final  height  in  this  case  being  more  or  less  inde- 
terminate. Similarly,  under  an  increase  in  duration  of  the  light  period 
from  the  normal  day  length  of  winter  to  about  18  hours,  which  was  with- 
out effect  on  the  time  of  flowering  in  Connecticut  Broadleaf  tobacco 
(Nicotiana  tabacum  L.) ,  the  height  was  increased  by  50  per  cent  and  the 
number  of  leaves  was  doubled.  In  the  violet  the  leaf  stalk  is  greatly 
lengthened  by  increase  in  the  length  of  day.  Goldenrod,  as  described  on 
page  877  and  illustrated  in  Plate  5,  B,  furnishes  a  striking  example  of 
inhibition  of  stem  elongation  by  a  reduced  day  length. 

Summer  radish  (Raphanus  sativus  L.)  when  exposed  to  a  daily  light 
period  of  7  hours  is  unable  to  develop  a  flowering  stem,  but  under  these 
conditions  the  leaves  reach  an  unusually  large  size  and  the  root  continues 
to  enlarge.  Two  plants  which  had  received  7  hours  of  light  daily  during 
the  preceding  summer  and  fall  were  exposed  to  the  natural  day  length  of 
winter  in  the  greenhouse  till  February  1.     At  that  time  it  was  seen  that 
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in  one  of  the  individuals  the  increasing  length  of  day  had  initiated  develop- 
ment of  a  flowering  stem.  These  plants  were  then  restored  to  the  7-hour 
day  length.  In  the  plant  which  had  begun  the  development  of  a  stem, 
elongation  of  this  stem  was  soon  checked,  the  final  height  reached  being 
only  24  inches  (PI.  3,  A).  This  is  in  spite  of  the  fact  that  the  root  had 
attained  a  diameter  of  nearly  5  inches.  Final  features  of  development  in 
this  interesting  plant,  as  shown  in  Plate  3,  B,  will  be  considered  under  the 
subject  of  branching  (p.  899) .  In  spite  of  the  large  quantity  of  carbohy- 
drate material  stored  in  the  root  the  height  of  the  stem  was  sharply 
limited  by  the  duration  of  the  light  period.  The  beet  (Beta  vulgaris  L.) 
differs  from  the  radish  in  that  it  usually  behaves  as  a  biennial  and  Klebs 
(it,  p.  292)  showed  several  years  ago  that  this  plant  may  be  unable  to 
flower  the  second  season  if  kept  in  a  warm  greenhouse  through  the  winter. 
Large  roots  which  had  been  stored  in  an  outdoor  pit  during  the  winter 
were  set  in  soil  and  one  lot  placed  under  a  10-hour  day  on  April  1.  The 
control  plants  under  natural  day  length  flowered  late  in  June  as  indicated 
in  Plate  8,  B.  Under  the  10-hour  light  period  elongation  of  the  stems 
soon  ceased  and  the  apical  buds  developed  into  leaf  rosettes.  The  10-hour 
day  was  so  far  below  the  optimum  for  apogeotropic  development  that 
foreshortening  apparently  was  too  abrupt  to  permit  of  flowering.  The 
final  result  of  the  short-day  conditions  was  that  aerial  "  beets  "  (thickened 
stems)  were  formed  at  the  bases  of  the  leaf  rosettes.  Referring  back  to 
the  behavior  of  tropical  sorghums  (Table  I) ,  it  may  be  noted  that  a  day 
length  of  13  hours  approximates  the  optimum  for  apogeotropic  response 
in  some  of  these  varieties,  as  for  example  in  S.  P.  I.  43626.  After  the 
flowering  stage  had  been  reached  the  final  heights  under  the  13 -hour  day 
were  decidedly  in  excess  of  those  under  the  full  day  length  or  the  10-hour 
day.  The  full  day  length  evidently  is  excessive,  while  the  10-hour  day  is 
less  favorable  than  the  13-hour  day. 

Preliminary  observations  on  the  growth  of  the  apple  (Malus  sylvestris 
Mill)  in  contrast  with  that  of  Acer  negundo  L,.,  for  example,  under  different 
day  lengths  are  of  special  interest.  As  will  be  seen  by  reference  to  Plate 
4,  B,  seedlings  of  the  latter  are  scarcely  able  to  grow  at  all  under  a  10- 
hour  day.  In  marked  contrast,  the  apple  grows  more  rapidly  under  a 
10-hour  day  than  under  the  full  day  length  of  midsummer.  Young 
seedlings  under  the  two  light  exposures  are  shown  in  Plate  4,  A.  Two 
specimens  of  standard  Baldwin  grafts  and  one  of  Baldwin  grafted  on  a 
Paradise  dwarf  stock  which  were  transplanted  to  large  tubs  in  April  and 
exposed  to  12  hours  of  light  daily  soon  began  a  rapid  rate  of  growth 
which  was  maintained  throughout  the  summer  (PI.  5,  A).  Of  the  three 
corresponding  individuals  similarly  transplanted  but  exposed  to  the  full 
daylight  of  late  spring  and  summer,  only  the  graft  on  Paradise  stock 
survived,  and  up  to  August  this  grew  much  more  slowly  than  the  trees 
exposed  to  a  12-hour  day.  During  August,  however,  it  was  seen  that 
there  was  marked  acceleration  in  the  rate  of  growth  of  the  control,  con- 
tinuing through  early  fall  which,  of  course,  is  in  line  with  the  normal  be- 
havior of  the  apple.  To  arrive  at  the  full  significance  of  these  results 
will  require  further  study,  but  they  seem  to  indicate  that  the  long  days 
of  midsummer  occurring  in  high  latitudes  are  distinctly  suboptimal  for 
apogeotropic  vegetative  development  in  the  case  of  the  apple  and  there- 
fore probably  conducive  to  the  initiation  of  flower-bud  formation.  As 
the  tropics  are  approached  the  shorter  length  of  the  summer  day  would 
favor    vegetative    activity    at    the    expense    of    flower-bud    formation. 
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Similarly,  since  the  general  change  from  long  to  shorter  days  with  the 
advent  of  late  summer  would  favor  vegetative  activity,  the  growth  and 
development  of  flower  buds  would  be  correspondingly  retarded  and, 
finally,  cold  weather,  also,  would  operate  to  slow  down  both  types  of 
activity.  Thus,  the  tendency  would  be  toward  sparse  fruiting  and  rapid 
vegetative  development  with  advance  from  high  latitudes  toward  the 
equator;  the  shortening  days  of  late  summer  would  tend  to  delay  final 
flowering  till  the  following  spring,  particularly  in  high  latitudes. 

FORMATION  OF  BULBS,  TUBERS,  AND  THICKENED  ROOTS 

Tuberization  is  one  of  the  outstanding  features  of  photoperiodism 
This  fact  is  not  so  surprising,  perhaps,  in  view  of  the  significane  of  stem 
elongation  as  a  fundamental  factor  in  various  responses  of  the  plant  to 
change  in  the  daylight  period.  As  is  well  known,  tubers  and  bulbs 
represent  extreme  conditions  of  stem  shortening  accompanied  by  marked 
i  ncrease  in  diameter.  Using  the  term  tuberization  in  its  broadest  sense 
to  include  the  formation  of  thickened  roots  as  well  as  the  more  typical 
tubers,  bulbs,  and  corms,  the  general  feature  of  carbohydrate  accumula- 
tion may  be  regarded  as  being  common  to  all  these  storage  organs.  This 
accumulation  obviously  indicates  an  excess  of  carbohydrate  over  current 
consumption,  but  the  important  point  to  be  emphasized  in  the  present 
discussion  is  that  the  surplus  of  carbohydrate  is  not  due  to  increased 
photosynthetic  activity  but  rather  inability  on  the  part  of  the  plant  to 
utilize  the  carbohydrate,  whether  it  be  present  in  relatively  large  or  small 
quantity. 

As  to  the  locus  of  the  tuber  or  other  storage  organ  it  appears  that  the 
presence  of  previously  formed  buds  or  the  ability  to  organize  such  struc- 
tures is  an  important  factor.  Environmental  conditions  also  play  a  part 
in  determining  the  position  of  storage  organs  as  well  as  in  their  forma- 
tion. The  work  of  Vochting  on  this  subject  is  of  special  importance. 
This  investigator  (22)  showed  that  shoots  of  the  potato  (Solanum  luo  ro- 
sum  L.)  set  in  the  soil  in  such  manner  that  the  underground  portion 
consists  only  of  an  internodal  section  readily  forms  aerial  tubers  for  the 
reason  that  the  underground  portion  is  incapable  of  developing  adventi- 
tious buds.  It  was  shown,  also,  that  by  suitably  darkening  the  apex  of 
the  primary  shoot  on  a  branch  the  growing  point  is  converted  into  a 
tuber  and,  consequently,  it  was  concluded  that  darkeness  favors  tuber 
formation. 

In  later  experiments  with  tubers  of  the  Marjolin  variety  of  potato 
taken  from  storage  after  having  sprouted  (25)  Vochting  found  that  when 
germinated  in  darkness  and  with  abundant  moisture  in  soil  and  air 
roots  and  foliage  shoots  quickly  developed  but  no  new  tubers  were  formed 
if  the  temperature  was  maintained  at  250  to  270  C.  With  a  temperature 
of  50  to  70,  on  the  other  hand,  no  foliage  shoots  were  formed,  but  instead 
numerous  new  tubers  developed  at  the  ends  of  old  sprouts  and  new  stolons 
and  on  the  mother  tuber.  In  other  words,  the  growing  points  were 
tuberized.  By  transfer  from  the  higher  to  the  lower  temperature  the 
foliage  shoots  assumed  horizontal  direction  of  growth  and  formation  of 
tubers  began.  Experiments  with  low  partial  pressures  of  oxygen  indi- 
cated that  decreased  respiratory  activity  is  not  responsible  for  the  low- 
temperature  effect.  It  is  important  to  observe,  however,  that  germination 
in  sand  free  from  moisture  gave  no  foliage  shoots  but  only  short  roots 
and  stolons  bearing  numerous  tubers,  regardless  of  whether  the  tern- 
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perature  was  high  or  low.  By  reducing  the  moisture  supply  after  a 
foliage  shoot  some  10  to  12  cm.  high  had  developed  as  a  result  of  an 
abundant  supply  of  moisture,  further  upward  growth  was  stopped  and 
numerous  small  aerial  tubers  soon  formed.  The  picture  thus  presented 
(23,  Table  IV,  p.  114)  strongly  calls  to  mind  the  general  contour  of  a 
miniature  shrub,  defoliated  but  bearing  numerous  fruits.  With  moist 
soil  but  dry  atmosphere  the  shoots  which  developed  soon  assumed  a 
horizontal  direction  and  numerous  basal  branches  appeared.  In  germi- 
nation tests  in  diffuse  light  a  moist  soil  gave  relatively  large  leaves  and 
long  internodes  in  the  presence  of  moist  air  and  short,  thick  internodes, 
mere  scales  rather  than  true  leaves,  and  basal  stolons  in  the  presence  of 
dry  air.  Tubers  set  upright  in  plates,  without  use  of  any  soil,  showed 
decreased  elongation  of  the  apical  shoot  with  increased  light  intensity. 
Under  these  conditions  light  inhibited  root  formation. 

In  contrast  with  Vochting's  work  on  tuber  formation,  Bernard,  in  a 
lengthy  article  (j)  dealing  largely  with  the  life  history  of  the  orchids, 
reached  the  conclusion  that  in  many  species  a  period  of  active  differ- 
entiation is  followed  by  a  definite  period  of  tuberization,  while  in  other 
species  tuberization  begins  in  the  earliest  stages  of  development.  In  all 
cases  Bernard  found  a  close  correlation  between  tuberization  and  infection 
with  certain  endophytic  fungi  and  concluded  that  these  parasites  are 
the  cause  of  tuber  formation.  This  fungus  theory  of  tuberization  was 
extended  to  include  the  potato.  It  had  been  previously  shown  by 
Laurent  (12),  however,  that  shoots  from  potato  tubers,  which  had  been 
grown  in  darkness  and  were  free  from  starch,  developed  tubercles  in 
darkness  when  placed  in  saccharose  solutions  of  proper  concentration 
(10  to  20  per  cent).  Having  subsequently  confirmed  these  results 
Bernard  (2)  was  forced  to  modify  his  views  as  to  infection  by  fungi  being 
the  sole  cause  of  tuberization.  Molliard  (16)  showed  that  onion  (Allium 
cepa  L.)  grown  in  a  sterilized  nutrient  solution  containing  glucose  is 
capable  of  forming  a  bulb  and  later  (17)  showed,  also,  that  radish  and 
certain  other  species  form  a  starchy,  thickened  root  under  similar  con- 
ditions. Thus,  while  it  may  be  possible  that  in  special  cases  tuberization 
is  due  to  the  invasion  of  fungi,  it  seems  certain  that  parasitism  or  sym- 
biosis is  not  the  usual  cause  of  the  formation  of  tubers  and  other  storage 
organs.  Magrou,  in  a  recent  extended  discussion  (15) ,  however,  seeks  to 
establish  the  importance  of  Bernard's  fungal  theory  of  tuberization. 

"Sets"  of  the  common  Silverskin  variety  of  onion  were  grown  under 
different  day  lengths,  15  to  20  individuals  being  grown  in  each  lot.  In 
the  first  test  the  sets  were  planted  in  the  greenhouse  May  19.  One  lot 
was  exposed  to  the  natural  day  length  while  the  second  lot  received  in 
addition  electric  illumination  of  3  to  5  foot-candles  from  sunset  till 
midnight  in  the  manner  previously  described.  The  summer  temperature 
in  the  greenhouse  was  high,  averaging  io°  to  200  F.  above  the  outside 
air  temperature.  The  behavior  of  the  plants  both  with  and  without 
artificial  illumination  was  much  the  same  as  that  of  the  outdoor  controls 
except  that  the  size  of  both  tops  and  bulb  was  considerably  reduced,  as 
shown  in  Plate  9,  A.  The  controls  exposed  to  the  full  day  length  of  summer 
developed  in  the  usual  manner.  First  blossoms  opened  July  14,  large 
bulbs  were  formed,  the  tops  died  in  due  course,  and  there  was  no  splitting 
into  new  individuals.  The  resting  bulbs  resumed  vegetative  develop- 
ment in  September.  A  series  exposed  to  13  hours  of  light  daily  out  of 
doors  did  not  flower  and  the  tops  remained  green  throughout  the  summer. 
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The  original  bulbs  in  most  instances  gave  rise  to  several  new  individuals, 
each  of  which  eventually  formed  bulbs  of  considerable  size.  Under  the 
full-day  length  only  single  stalks  were  formed,  while  under  a  10-hour 
day  each  unit  gave  rise  to  several  stalks.  Under  the  10-hour  day  there 
was  permanent  failure  to  form  bulbs  although  the  plants  split  into  two 
or  more  new  individuals.  The  appearance  was  that  of  spring  onions, 
and  the  tops  remained  green  for  an  indefinite  period.  Though  the  plants 
have  remained  green  for  more  than  1 2  months  there  has  never  been  any 
indication  of  flowering  or  bulb  formation.  With  only  5  hours  of  light 
daily,  weak  shoots  of  pale  green  color  developed  and  no  bulbs  were  formed. 
A  surprising  fact  is  that  flower  buds  were  formed,  though  these  were  not 
able  to  open.  This  behavior  possibly  indicates  that  for  plants  of  this 
type,  having  an  intermediate  length  of  day  as  optimum  for  vegetative 
growth,  there  may  be  two-day  lengths  favorable  for  flowering.  The 
plants  under  the  5-hour  day  were  short-lived.  The  effects  of  the  expos- 
ures on  formation  of  tops  and  bulbs  are  well  shown  in  Plate  9,  A.  These 
results  indicate  that  in  the  onion  bulb  formation  as  well  as  flowering  and 
the  resultant  rest  period  are  induced  by  the  long  days  of  summer  while 
a  shorter  day  length  favors  a  period  of  vegetative  activity  of  indefinite 
duration,  thus  eliminating  bulb  formation  and  the  rest  period  which 
normally  follows.  The  shorter  day  length  does  not  interfere  with  the 
splitting  into  new  units.  The  onion  affords  an  instance  in  which  the 
optimal  day  length  for  vegetative  growth  is  relatively  short  while  a  long 
day  results  in  dormancy  following  the  development  of  a  resting  organ 
representing  extreme  shortening  of  the  primary  axis.  Referring  to  Plate 
9,  A,  it  is  interesting  to  note  that  the  high  temperature  of  the  greenhouse 
greatly  reduced  the  size  of  the  plant  as  a  whole  but  did  not  alter  the 
general  morphology.  The  addition  of  the  electric  light  of  very  low 
intensity  shows  a  slight  attenuating  effect,  the  plants  being  somewhat 
taller  than  those  exposed  only  to  natural  daylight. 

Tubers  of  the  McCormick,  a  late  variety  of  potato,  were  cut  in  the 
usual  fashion  and  planted  in  the  greenhouse  May  21.  One  lot  of  the 
potatoes  was  exposed  to  natural  daylight  only  while  a  second  lot  received, 
in  addition,  artificial  illumination  of  3  to  5  foot-candles  from  sunset 
till  midnight  in  the  manner  previously  described.  As  previously  stated, 
the  temperature  in  the  greenhouse  averaged  io°  to  200  F.  above  the 
outside  air  temperature.  In  the  house  in  which  no  artificial  illumination 
was  used  the  first  blossoms  opened  July  3  when  the  plants  were  about  2  7 
inches  high.  When  harvested  November  1  the  average  weight  per  plant 
of  green  tops  and  tubers  combined  was  1,127  gm-  and  that  of  the  tubers 
alone  was  340  gm.  The  average  height  of  the  plants  was  about  6  feet. 
The  tubers  were  of  small  size.  In  the  electrically  lighted  house  flower 
buds  formed,  but  none  of  them  were  able  to  unfold.  When  harvested 
November  1  the  average  height  of  the  plants  was  2>%  feet  and  the  average 
green  weight  was  1,528  gm.  In  this  case  no  tubers  whatever  were 
formed,  so  that  under  the  influence  of  the  increased  illumination  period 
both  sexual  and  vegetative  forms  of  reproduction  were  suppressed.  All 
energies  of  the  plant  were  directed  toward  vegetative  development. 
Tubers  are  resting  organs,  and  the  longer  light  period  did  not  permit  of 
slowing  down  in  vegetative  activity  or  any  tendency  toward  dormancy. 
This  is  illustrated  by  the  fact  that  an  underground  bud  which  otherwise 
might  have  given  rise  to  a  tuber  germinated  and,  in  effect,  developed 
an  offset,  the  usual  rest  period  of  the  tuber  being  eliminated  (PI.  8,  A). 
Similar  plantings  of  the  McCormick  variety  also  were  made  in  boxes  on 
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May  21  and  were  exposed  to  regulated  day  lengths  by  use  of  the  dark 
houses.  The  exposures  were  5,  10,  13  hours,  and  the  full  daylight  period 
of  the  season.  The  plants  were  harvested  August  28.  The  results  of 
the  test  are  summarized  in  part  in  Table  V.  The  conditions  in  general 
and  the  soil  in  particular  were  unfavorable  for  the  best  development  of 
tubers,  but  for  comparative  purposes  the  results  are  of  considerable 
interest. 

Table  V. — Results  with  McCormick  variety  of  potato  exposed  to  different  daily   light 

periods 


Duration     of     daily 
period. 


licht 


5  hours 

10  hours 

13  hours 

Full  daylight  period . 


Date  of 

first 
blossom. 


July      2 

..do 

...do 

July    23 


Average 

height 

when 

harvested. 


Inches. 
20 
12 

25 
32 


Average 

weight 

of  tubers. 


Gm. 

80 

320 

664 

471 


Average      Ratio  of 
weight      tubers  to 
of  tops,    i  air-dried 
air-dried.  ,      tops. 


Gm. 
2.8 
1.9 

3°-9 
32.O 


12. 

168. 

22. 

15- 


Condition  of   tops 
when  harvested. 


All  dead. 
Mostly  dead. 
Green. 
Do. 


With  exposures  of  5  and  10  hours  of  light  daily  the  blossoms  unfolded 
but  no  seed  balls  were  formed.  Taking  the  two  experiments  together 
it  appears  that  a  very  long  daylight  period  tends  to  direct  the  activities 
of  the  plant  toward  vegetative  development  to  the  exclusion  of  other 
alternative  forms  of  expression.  With  a  somewhat  shorter  daylight 
period  the  tendency  is  toward  successful  sexual  reproduction  and  moder- 
ate tuber  formation.  With  further  shortening  of  the  daylight  period 
seed  development  again  fails  and  there  is  a  tendency  toward  tuber  forma- 
tion to  the  exclusion,  as  far  as  may  be,  of  other  alternative  types  of 
expression.  Finally,  with  an  extremely  short  daylight  period  it  is  seen 
that  there  is  some  tendency  toward  return  to  exclusive  vegetative 
development.  With  a  light  duration  of  10  hours  or  thereabouts  there 
is  a  condition  of  intense  tuber  formation;  in  other  words,  there  is  an 
optimal  light  duration  for  tuberization  as  well  as  for  flowering  and 
fruiting  and  for  purely  vegetative  development.  Since  one  of  the 
limiting  factors  in  tuber  formation  is  the  quantity  of  photosynthetic 
material  formed,  the  actual  or  absolute  weight  of  tubers  is  greatest  under 
a  somewhat  longer  daylight  period,  namely  13  hours.  Under  natural 
conditions,  however,  the  seasonal  range  in  day  length  becomes  an  impor- 
tant factor;  and  it  may  well  be  that  in  northern  latitudes  the  long  days 
of  summer  leading  to  extensive  foliage  development,  followed  in  autumn 
by  a  correspondingly  precipitate  decline  in  day  length,  constitute  a  very 
favorable  situation  for  tuber  development.  It  may  be  added  that 
nothing  in  this  discussion  should  be  construed  as  minimizing  the  signifi- 
cance of  relatively  low  temperatures  in  tuber  development,  particularly 
with  respect  to  size  of  tuber. 

Tubers  of  ground  nut  (Apios  tuber osa  Moench)  planted  in  boxes  in  the 
greenhouse  early  in  March  germinated  April  6.  Beginning  April  20, 
one  lot  was  exposed  to  10  hours  of  light  daily  while  a  second  lot  was 
exposed  to  the  full  seasonal  day  length.  Flower  buds  were  showing  on 
both  lots  when  the  light  treatment  began.  On  the  control  plants  exposed 
to  the  full-day  length  the  first  open  blossoms  appeared  June  1 ,  and  these 
plants  were  in  full  bloom  till  late  in  August.     Under  10  hours  of  light 
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daily  only  1  or  2  blossoms  opened  on  each  plant,  the  remaining  flower 
buds  being  suppressed.  The  leaves  assumed  a  dark  green  color,  growth 
of  the  vines  ceased  and  above  ground  the  general  appearance  was  sug- 
gestive of  a  sort  of  dormancy.  In  September  both  lots  of  plants  died 
back  to  the  ground  level.  The  underground  portions  were  harvested 
October  28.  The  control  plants  had  produced  a  network  of  small  tubers 
throughout  the  soil  of  the  boxes,  but  the  mother  tubers  had  enlarged 
but  little  and  their  resting  buds  were  small.  The  plants  exposed  to  a 
10-hour  day,  on  the  other  hand,  had  enlarged  the  mother  tubers  to 
several  times  their  original  size,  and  they  bore  a  large  number  of  promi- 
nent resting  buds  but  only  a  very  few  new  tubers  were  formed.  The 
new  tubers,  however,  were  noticeably  larger  than  those  formed  under 
the  full  day  length.  The  total  weights  of  all  tubers  under  the  long-day 
and  short-day  conditions  were  625  and  383  gm.,  respectively.  These 
results  are  of  special  interest  in  bringing  out  the  difference  in  mere 
enlargement  of  a  storage  organ,  on  the  one  hand,  and  the  organization 
of  new  units,  on  the  other  hand.  Apparently  under  the  shortened 
illumination  period  there  was  a  dearth  of  some  formative  material  other 
than  storage  forms  of  carbohydrate.  The  original  or  mother  tubers 
when  grown  a  second  season  under  a  10-hour  day  continued  to  enlarge  as 
in  the  first  season,  attaining  an  average  weight  of  7^  ounces.  It  is  of 
interest  to  note  that  the  behavior  under  the  10-hour  day  closely  approaches 
that  of  the  related  species  Apios  priceana  Robinson,  occurring  in  Ken- 
tucky. Under  the  natural  day  length  of  summer  the  latter  species 
forms  only  a  single  tuber,  which  attains  large  size. 

A  bean  from  South  America  (Phaseolus  multiflorus  Willd).  planted 
May  13,  was  exposed  to  regulated  day  lengths  beginning  June  3.  Under 
the  full  day  length  of  summer  only  moderate  growth  was  made  and  there 
was  no  flowering.  In  October  these  plants  were  transferred  to  the 
greenhouse,  electrically  illuminated  from  sunset  till  midnight,  and  under 
these  conditions  growth  was  more  vigorous  than  in  summer  but  there 
was  no  flowering.  Under  a  12-hour  day  the  plants  behaved  much  like 
the  preceding  controls  and  there  was  no  flowering.  These  plants  were 
transferred  to  the  greenhouse  not  provided  with  electric  lights  October  15. 
A  few  blossoms  appeared  November  29  and  two  seed  pods  matured. 
Under  a  10-hour  day  flower  buds  were  showing  by  July  15  and  a  number 
of  blossoms  opened,  though  no  seed  developed.  Sparse  flowering  again 
occurred  in  September  and  in  November.  The  plants  were  transferred 
to  the  greenhouse  in  October  with  the  12-hour  day  plants.  The  plants 
of  the  three  series  were  taken  up  and  photographed  January  18.  As 
shown  in  Plate  6,  A  and  B,  the  roots  of  the  plants  exposed  to  10  hours 
of  light  in  summer  and  the  short  day  length  of  winter  were  strongly 
tuberized,  while  under  the  long  day  length  of  summer  and  the  artificially 
lengthened  daylight  period  of  winter  there  was  no  tuberization  at  all. 
The  plants  exposed  to  a  12-hour  day  in  summer  and  the  natural  day 
length  of  winter  showed  only  moderate  tuberization  of  the  roots.  With- 
out going  into  details  it  may  be  stated,  also,  that  cuttings  of  two  varieties 
of  dahlia  made  May  10  were  grown  during  the  summer  months  in  the 
greenhouse  with  and  without  electric  illumination  at  night.  Under  the 
lengthened  illumination  period  there  was  almost  complete  elimination 
of  the  usual  formation  of  tubers. 

Cinnamon  vine,  Dioscorea  divaricata  L.,  was  grown  under  regulated 
day  lengths,  both  from  aerial  tubers  and  from  1 -year-old  underground 
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tubers.  The  details  of  the  experiments  are  summarized  in  part  in  Table 
VI.  All  plantings  were  harvested  September  26.  Cinnamon  vine,  like 
Peking  soybeans,  responds  very  promptly  to  the  decrease  in  length  of 
day  beginning  with  the  summer  solstice,  only  that  the  response  takes 
the  form  of  tuberization  of  aerial  axillary  buds  instead  of  flowering. 
Under  the  natural  length  of  day  the  aerial  tubers  appear  one  month  after 
the  summer  solstice,  and  this  holds  true  for  the  progenies  of  both  the 
aerial  and  the  larger  subterranean  tubers.  By  exposure  to  an  artificially 
shortened  day  length  of  13  hours  or  less,  beginning  at  the  summer  solstice, 
the  appearance  of  aerial  tubers  was  hastened  by  about  two  weeks.  As  is 
to  be  expected  from  the  quick  response  to  the  first  shortening  of  the  day 
length  following  the  summer  solstice,  the  maximum  effect  in  hastening 
the  aerial  tuberization  is  produced  by  a  13-hour  day,  further  reduction 
in  day  length  to  12,  11,  or  10  hours  being  without  effect.  By  exposing 
the  plants  to  the  reduced  daily  illumination  period  earlier  in  the  season 
the  date  of  appearance  of  aerial  tubers  is  advanced  accordingly.  When 
the  treatment  is  applied  in  the  earlier  stages  of  development,  however, 
a  longer  period  of  time  is  required  for  the  tubers  to  come  into  evidence 
than  when  considerable  advance  growth  has  been  made.  In  all  cases 
growth  of  the  vine  is  quickly  checked  by  exposure  to  the  reduced  day 
length.  The  effect  is  so  pronounced  that  exposure  to  a  length  of  day  of  1 1 
hours  or  less  causes  dying  back  of  the  young  tips  of  the  vines.  This  dying 
back  practically  ceases  with  a  day  length  of  1 2  hours.  It  was  not  practical 
to  obtain  actual  weights  of  aerial  tubers  produced  under  the  different 
conditions  of  illumination,  but  it  was  observed  that  these  tubers  were 
formed  in  greatest  number  and  of  largest  size  under  the  10-hour  and 
1 1 -hour  daily  light  exposure.  Under  a  light  period  of  12  hours  or  more 
there  was  increasing  tendency  toward  continued  vegetative  growth  and 
reduced  production  of  aerial  tubers.  There  seem  to  be  no  marked, 
consistent  differences  in  ratio  between  the  weights  of  underground  tubers 
and  vines  under  the  various  light  exposures.  The  underground  tubers 
produced  larger  vines  than  the  aerial  tubers  under  the  shorter  light 
periods. 

Table  VI. — Effect  of  differences  in  length  of  day  on  tuberization  in  cinnamon  vine 


Num- 

Kind  of  tubers        ber  of 

planted.  plants 

grown. 


Aerial 

Do 

Do 

Do 

Do 

Do 

Do 

Do... 

i-year-old      under 
ground. 

Do 

Do 

Do 

Do 

Do 

Do 

Do 


Date  of 
germina- 
tion. 


Mar. 
..do. 
..do. 
..do. 
..do. 
..do. 
..do. 
..do. 


Apr.    27 

Apr.  26 
Apr.  27 
Apr.  21 
Apr.  26 
May  4 
Apr.  25 
Apr. 26  to 
May  29 


Date  of 
beginning 
light 
treat- 
ment. 


May     2 

...do 

June  21 
July  23 
June  21 

...do 

...do 

Controls. 

Mar.   22 

July  23 
Mar.  22 
June  21 

...do 

...do 

...do 

Controls. 


Length  of 
day  to 
which 

exposed. 


8  hours 

10  hours. . . 
..do 

11  hours.. . 
..do 

12  hours.. . 

13  hours. . . 
Full   day 

length. 
8  hours 

.do 

10  hours. . . 

..do 

n  hours. . . 

12  hours.. . 

13  hours. . . 
Full     day 

length. 


Date  of 
first  ap- 
pearance 
of  aerial 
tubers. 


June  20 

..do 

July  4 

July  3 

July  2 

July  7 

July  2 

July  21 

June  15 

July  22 
June  23 
July  2 
July      8 

..do 

June  30 

July    21 

to  23. 


Aver- 
age 
weight 

of 
tubers 

and 
vines. 


Ounces. 

4 

10 

6 

11K 

6K 
3K 
4% 
16 

19 

8 
21K 
17 
19K 
18K 
i8J4 


Aver- 
age 
weight 
of  green 

vines. 


Ounces. 

1 
2 
3 

I 


Aver- 
age 
weight 

of 
tubers. 


7 
3K 

7 


Ounces. 
3% 
9 
4 

8K 
5 

2K 
3% 
12 


10 
6 
13 
10 
16 


Ratio  of 
tubers 

to 
vines. 


14 

11K 


2.8 
3-3 

2-  5 

3-  5 
3 


2.  7:1 


I.  I 
3 
I- 5 
1.4 
4.6 
3-  1 
1-7 
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Tests  were  made  with  two  varieties  of  yam  (Dioscorca  alata  L.)  fur- 
nished by  the  office  of  Foreign  Seed  and  Plant  Introduction,  Bureau  of 
Plant  Industry.  In  each  case  two  plants  were  grown  in  a  box  3  feet 
long,  10  inches  wide,  and  10  inches  deep.  For  plantings  of  the  variety 
S.  P.  I.  46801  small  root  tubers  were  used,  and  for  the  variety  S.  P.  I. 
47001  aerial  tubers  were  employed.  All  plantings  were  made  May  14 
and  all  tubers  germinated  between  May  23  and  June  4.  The  different 
light  exposures  began  at  time  of  planting.  The  yams  were  harvested 
October  6.  Under  a  day  length  of  10  hours  the  yam  S.  P.  I.  46801 
developed  at  first  a  very  marked  chlorosis,  the  leaves  taking  on  an 
almost  pure  yellow  color,  but  by  June  25  there  had  been  a  decided 
change  toward  the  normal  green.  None  of  the  plantings  of  either  yam 
flowered  in  these  tests.  The  variety  S.  P.  I.  46801  formed  no  aerial 
tubers  under  the  10-hour  exposure,  but  with  12  hours  of  light  daily  and 
under  the  full  day  length  these  tubers  appeared.  The  variety  S.  P.  I. 
47001  formed  np  aerial  tubers  in  any  case.  The  relative  development  of 
vines  and  underground  tubers  under  the  different  conditions  are  shown 
in  Table  VII. 


Table  VII. — Behavior  of  two  varieties  of  tropical  yam  under  daily  illumination  periods 

of  different  duration 


Duration  of  illumination  period. 


Combined 

weights  of 

Weight  of 

Weight  of 

vines  and 

tubers. 

vines. 

tubers. 

Ounces. 

Ounces. 

Ounces. 

126 

8l^ 

WA 

81 

IlK 

WA 

79 

II 

68 

67 

9 

58 

117 

86^ 

3°K 

117 

88 

29 

109 

41 

68. 

91 

39 

5  2 

106 

55K 

5°K 

of  tubers. 


S.  P.  I.  No.  47001: 

12  hours 

Control;  full  day  length 

Do 

Do 

S.  P.  I.  No.  46801: 

10  hours 

1 2  hours 

Control;  full  day  length 

Do 

Do 


64.  7 
14.  1 
13-9 


13' 


73-9 
75-2 
37-6 
42.8 

52-3 


It  is  quite  clear  that  the  shortened  length  of  day  caused  a  pronounced 
increase  in  tuber  formation.  The  relative  sizes  of  tubers  formed  by 
variety  S.  P.  I.  47001  under  a  12-hour  day  and  the  full  summer  day 
length  are  shown  in  Plate  10,  A.  It  should  be  mentioned  that  while 
the  plants  exposed  to  the  shorter  day  lengths  formed  only  single  thick- 
ened roots  the  controls  tended  to  form  more  than  one  thickened  root 
each. 

Tubers  of  artichoke,  Helianthus  tuberosus  L.,  were  planted  April  25 
and  were  up  May  5.  Under  a  jo-hour  day  flower  buds  could  be  seen 
by  June  21.  The  first  evidence  of  flowering  was  a  branching  of  the  stem 
followed  by  formation  of  the  flower  buds.  These  buds,  however,  never 
developed  to  the  flowering  stage  and  by  July  28  had  been  absorbed. 
By  August  15  the  plants  were  dead,  having  reached  a  height  of  about 
2  feet.  On  the  two  control  plants  flower  buds  were  showing  August  30, 
and  on  one  plant  the  first  open  blossoms  were  seen  on  September  22, 
while  on  the  second  plant  the  blossoms  had  not  opened  on  October  1 , 
when  all  plantings  were  harvested.     Under  the  10-hour  day  the  plants 
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were  small  and  appeared  weak  at  all  stages,  but  the  two  individuals 
together  formed  35  tubers  weighing  2  pounds  and  4  ounces.  Of  the  two 
controls,  one  reached  6  feet  in  height  and  the  second  3  feet.  The  total 
number  of  tubers  was  60,  but  these  weighed  only  1  pound  and  1  ounce. 
Under  the  short-day  exposure  tuberization  might  be  said  to  have  been 
complete;  that  is,  there  were  no  elongated  underground  stems.  As 
already  stated,  flowering  could  not  be  successfully  accomplished  so  that 
there  was  no  diversion  of  formative  material  toward  seed  formation. 
Under  the  natural  range  in  length  of  day,  on  the  other  hand,  there  were 
many  long  underground  stems  with  nodes  only  slightly  tuberized,  and 
in  some  instances  no  thickening  of  nodes  at  all  could  be  seen.  The 
tubers  formed  under  the  two  conditions  were  strikingly  different  in 
appearance,  as  can  be  seen  in  Plate  7,  A  and  B. 

In  the  second  series  of  tests  with  blazing  star  previously  described 
(p.  876),  it  was  observed  that  under  the  shortened  daily  light  exposures 
well-developed  corms  of  considerable  size  were  formed,  while  the  control 
plants,  though  many  times  larger  in  size,  formed  small  corms  or  none 
at  all. 

Under  the  influence  of  a  day  length  shortened  to  the  point  where 
successful  flowering  and  fruiting  is  almost  completely  inhibited  even 
the  nodes  of  both  primary  and  secondary  stems  of  soybeans  may  be 
partially  tuberized,  as  is  shown  in  Plate  9,  B.  The  arrested  develop- 
ment of  the  flower  buds  accompanying  the  thickening  of  the  stem  is 
plainly  seen. 

The  behavior  of  radish  and  beet  under  different  day  lengths  has  already 
been  rather  fully  discussed  (p.  887),  and  it  only  remains  to  point  out  here 
that  under  a  short  daily  illumination  period  these  plants  continue  to 
store  up  carbohydrate  for  a  more  or  less  indefinite  period,  eventually 
forming  enormously  thickened  roots  but  no  primary  stem. 

SIGNIFICANCE  OF  TUBERIZATION  AS  A  FEATURE  OF  PHOTOPERIODISM 

The  data  which  have  been  presented  will  suffice  to  show  that  the  pre- 
vailing length  of  day  is  an  important  factor  in  the  formation  of  bulbs 
and  tubers,  as  well  as  in  flowering  and  fruiting.  These  data  clearly 
indicate  that  the  length  of  day  not  only  influences  the  quantity  of  photo- 
synthetic  material  formed  but  also  may  determine  the  use  which  the 
plant  can  make  of  this  material.  Under  the  optimal  illumination 
period  for  apogeotropic  development  there  is  normally  no  accumulation 
of  unused  carbohydrate,  this  material  being  utilized  as  rapidly  as  formed 
in  the  development  of  structures  or  tissues  incident  to  maximum  increase 
in  stature.  Under  these  particular  conditions  it  may  well  be  that  the 
quantity  of  carbohydrate  produced  is  a  chief  limiting  factor  in  rate  and 
extent  of  stem  elongation.  Any  departure  from  this  optimal  light 
period  will  check  stem  elongation;  and  the  first  outstanding  result  is 
initiation  of  flowering;  that  is,  the  growing  point  is  transformed  into  ah 
inflorescence.  The  natural  result  of  checking  stem  elongation  is  a  ten- 
dency toward  accumulation  of  carbohydrate.  In  successful  fruiting  this 
carbohydrate  (in  many  cases  first  converted  into  oil)  is  stored  in  the  seed 
and  its  coverings.  Thus,  in  a  special  sense,  the  seed  may  be  regarded  as 
a  tuberized  structure.  From  the  standpoint  of  nutrition,  apparently  one 
of  the  functions  of  fertilization  as  a  prerequisite  for  successful  setting  of 
the  fruit  is  to  aid  in  setting  up  a  "center  of  attraction"  about  which 
nutrient  materials  will  be  mobilized.     Since  there  may  be  an  optimal 
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light  period  for  sexual  reproduction  which  tends  to  direct  the  energies 
of  the  plant  quantitatively  toward  flowering  and  fruiting  (see  p.  881),  it 
seems  possible  that  in  some  species  exposure  to  this  optimal  light  period 
will  be  found  to  favor  successful  fruiting  without  the  aid  of  fertilization. 
In  other  words,  the  duration  of  the  light  period  may  be  a  factor  in  par- 
thenogenesis and  in  the  development  of  seedless  fruits. 

As  the  length  of  day  is  removed  still  further  from  the  optimum  for 
stem  elongation,  flowering  and  fruiting  tend  to  give  way  to  formation 
of  the  usual  forms  of  vegetative  reproductive  structures  in  which  tuberi- 
zation  is  a  characteristic  feature.  Tuberization  marks  a  further  step 
toward  complete  elimination  of  stem  elongation.  There  is  no  hard  and 
fast  line  between  flowering  and  fruiting,  on  the  one  hand,  and  formation 
of  tuberized  vegetative  reproductive  structures  on  the  other;  and  an 
intermediate  day  length  may  permit  of  both  types  of  development  just 
as  vegetative  stem  elongation  and  sexual  reproduction  may  proceed 
simultaneously.  Various  steps  in  the  complete  separation  between 
sexual  reproduction  and  the  formation  of  tubers,  however,  are  readily 
traced  in  the  experimental  data  which  have  been  given.  In  the  soybean 
a  sufficiently  reduced  light  period  which  marks  the  end  of  successful 
flowering  and  fruiting  likewise  marks  the  beginning  of  tuberization  in 
the  stem.  With  Irish  potato  a  daily  light  period  of  18  hours  caused 
vegetative  development  almost  exclusively,  for,  although  flower  buds 
appeared,  they  were  unable  to  unfold,  and  tuber  formation  was  com- 
pletely inhibited.  Under  the  natural  seasonal  day  length  of  14  to  15 
hours  the  plants  flowered  freely  and  there  was  moderate  tuber  formation. 
With  13  hours  of  light  there  was  a  decided  increase  in  quantity  of  tubers 
formed,  while  with  10  hours  of  light  there  was  very  intense  tuber  forma- 
tion, the  ratio  of  tubers  to  "  tops"  being  increased  sevenfold  as  compared 
with  the  plants  exposed  to  a  light  period  of  13  hours.  With  a  light 
period  of  only  5  hours  there  was  a  sharp  decline  in  the  ratio  of  tubers  to 
tops,  indicating,  perhaps,  that  the  income  of  carbohydrate  by  photo- 
synthesis was  but  little  in  excess  of  immediate  requirements  for  the 
limited  growth  which  the  plant  could  make.  The  results  obtained  with 
Apios  tuber osa  and  with  Helianthus  tuber osus  show,  also,  that  the  type  of 
tuber  formed  may  be  markedly  affected  by  the  duration  of  the  light 
period. 

Associated  with  the  change  from  flowering  and  fruiting  to  tuber  forma- 
tion there  is  a  tendency  toward  the  transfer  of  growth  activity  from  aerial 
to  underground  parts  of  the  plant.  Thus,  underground  tuber-forming 
stems  tend  to  replace  aerial  flowering  stems.  As  the  light  period  is 
further  shortened  even  the  elongation  of  underground  stems  is  checked, 
with  the  result  that  the  number  of  tuberized  reproductive  structures  is 
reduced  while  their  size  is  correspondingly  increased.  The  final  stage  is 
reached  in  those  cases  in  which  tuberization  is  confined  to  the  mother 
stem,  as  in  the  beet  and  radish  when  exposed  to  the  action  of  a  light 
period  of  short  duration.  In  this  case  stem  shortening  has  been  pushed 
to  the  limit  and  the  plant  consists  essentially  of  a  rosette  of  leaves  con- 
nected with  the  root  system  by  means  of  an  enormously  thickened  stem 
entirely  lacking  in  power  to  elongate  or  to  form  aerial  or  subterranean 
brandies. 

The  available  data  indicate  that  there  is  an  optimal  light  period  for 
tuber  formation  just  as  there  are  optimal  periods  for  stem  elongation 
and   for   sexual   reproduction.     The   highest   proportionate   production 
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of  tubers  occurs  with  a  light  period  which  admits  of  only  very  limited 
stem  growth.  The  absolute  maximum  production  of  tubers,  however, 
is  obtained  with  an  intermediate  light  period,  or,  as  actually  occurs 
each  year  in  higher  latitudes,  with  a  light  period  favorable  to  extensive 
stem  growth  followed  by  a  period  favorable  to  intensive  tuber  formation. 
In  all  cases  thus  far  studied  typical  tuber  formation  takes  place  as  a 
result  of  decrease  of  the  daily  light  period  below  the  optimum  for  stem 
elongation  so  that  this  type  of  tuberization  is  greatly  favored  by  the 
shortening  of  the  day  in  fall  following  the  long  summer  days  of  high 
latitudes.  Bulb  formation,  as  illustrated  by  the  onion,  on  the  other 
hand,  takes  place  as  the  result  of  increase  of  the  daily  light  period  above 
the  optimum  for  stem  growth  so  that  formation  of  these  structures  is 
favored  by  the  long  days  of  summer  which  occur  in  high  latitudes. 

The  results  of  the  experiments  in  tuberization  seem  to  show  that 
the  remarkable  regulatory  action  of  change  in  the  length  of  day  on 
stem  elongation  and  various  associated  phenomena  cannot  be  due 
directly  to  change  in  the  quantity  of  carbohydrate  formed  through 
photosynthesis.  The  content  of  plastic  carbohydrate  in  the  plant 
at  any  given  time,  of  course,  will  depend  on  the  relation  between  rate 
of  formation  through  photosynthesis  and  the  rate  of  consumption  in 
promoting  growth  and  other  vital  functions.  Tuberization  furnishes 
visible  evidence  that  under  the  prevailing  conditions  production  of 
total  carbohydrate  is  in  excess  of  current  consumption  except  in  so  far 
as  local  tuberization  may  be  the  result  of  mere  transfer  of  preformed 
storage  material  from  other  parts  of  the  plant.  There  seems  to  be  little 
doubt  but,  beginning  with  the  optimal  day  length  for  stem  growth, 
decrease  in  length  of  day  in  general  involves  decreased  formation  of 
carbohydrate.  It  appears,  however,  that  progressive  loss  of  power 
to  grow  as  a  result  of  decreasing  day  length  advances  more  rapidly 
than  would  be  required  from  the  decreased  formation  of  carbohydrate 
as  a  controlling  factor.  It  is  necessary,  therefore,  to  conclude  that 
the  duration  of  the  light  period  exercises  a  regulatory  action  on  internal 
processes  of  the  plant  other  than  those  which  merely  determine  the 
total  quantity  of  carbohydrate  produced.  It  remains  to  be  determined 
whether  the  additional  action  is  to  regulate  the  form  of  carbohydrate 
produced  or  to  control  other  processes  not  so  clearly  connected  with 
carbohydrate  formation.  In  any  event  there  is  convincing  evidence 
that  the  duration  of  the  daily  light  period  is  an  important,  and  often 
a  controlling,  factor  in  determining  whether  the  plant  may  use  the 
product  of  photosynthesis  as  rapidly  as  elaborated  in  promoting  growth 
or,  instead,  must  store  the  material,  perhaps  for  its  own  subsequent  use 
or  for  the  nutrition  of  its  sexually  or  vegetatively  produced  progeny. 

CHARACTER  AND  EXTENT  OF  BRANCHING 

One  of  the  characteristic  effects  of  altering  the  light  period  from 
optimum  to  suboptimum  for  apogeotropic  response  is  to  promote  branch- 
ing. This  increased  tendency  toward  branching  is  frequently  associated 
with  flowering,  a  fact  which  is  not  surprising  since  both  are  promoted  by 
a  change  in  the  same  direction  in  the  duration  of  the  light  period. 
Branching  and  flowering  are  not  always  associated,  however,  for  not 
merely  the  direction  but  also  the  extent  of  the  change  in  the  light  period 
must  be  taken  into  account.  Apparently  the  most  favorable  light  period 
for  aerial  branching  lies  between  the  apogeotropic  optimum  and  that 
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period  which  is  so  far  removed  from  the  optimum  as  to  permit  only  the 
leaf- rosette  type  of  development,  with  complete  inhibition  of  vertical 
elongation  of  the  stem.  Moreover,  both  the  character  and  the  extent 
of  the  branching  appear  to  be  influenced  by  the  seasonal  range  in  length 
of  day. 

Under  the  influence  of  long  days  cosmos  continues  to  elongate  the 
major  axis,  more  commonly  with  no  branching  and  even  with  a  minimum 
of  leaf  development.  Shortening  the  day  length  sufficiently  to  induce 
flowering  also  invariably  causes  branching  at  the  top  of  the  plant,  as  in 
the  experiment  discussed  on  page  883.  In  Table  II  data  are  given  on  the 
extent  of  stooling  noted  in  the  small  grains.  It  is  clear  that  in  the  spring 
types  of  wheat,  lye,  and  barley  stooling  was  greatly  increased  under  the 
relatively  short,  natural  day  length  of  winter  as  compared  with  the 
artificially  lengthened  light  period.  This  condition  is  reversed  in  the 
winter  wheat  and  rye.  This  difference  in  response  doubtless  depends  on 
fundamental  differences  in  light  requirements  between  the  winter  and 
the  spring  types  of  the  small  grains.  The  Honey  variety  of  sorghum 
was  sowed  May  21  in  the  greenhouse.  Under  the  natural  day  length  of 
summer  the  plants  began  shedding  pollen  August  19,  and  as  the  days 
shortened  there  was  marked  stooling,  many  of  the  new  basal  shoots 
attaining  the  height  of  the  original  stem.  A  similar  lot  of  plants  receiving 
electric  light  from  sunset  till  midnight  began  shedding  pollen  August  6. 
In  this  case  the  branching  was  confined  chiefly  to  the  tops  of  the  plants, 
a  behavior  resembling  that  of  cosmos.  These  differences  in  habit  of 
branching  are  shown  in  Plate  11,  A  and  B. 

Rosettes  of  Oenothera  biennis  U.,  transplanted  and  placed  under  a 
10-hour  day  beginning  March  29,  showed  marked  basal  branching  while 
the  controls  exposed  to  full  daylight  developed  only  a  primary  axis. 
This  difference  in  behavior  is  shown  in  Plate  12,  A.  In  the  earlier  stages 
the  basal  branches  showed  a  prostrate  type  of  growth  but  eventually 
showed  a  decided  apogeotropic  form  of  growth,  as  may  be  seen  in  the 
illustration.  Returning  to  the  final  stages  of  development  of  the  radish 
plant  which  had  been  long  maintained  under  short-day  conditions,  as 
described  on  page  888,  the  influence  of  the  short-light  period  on  the  growth 
of  the  branches  is  striking.  Ordinarily  the  flowering  stem  of  the  radish 
branches  chiefly  at  the  top,  as  did  the  present  plant  at  the  outset.  (PI. 
3,  A.)  As  a  result  of  the  shortened  day  length  to  which  it  had  been 
recently  transferred  the  basal  branches  gained  the  ascendency  and  the 
plant  gradually  assumed  the  general  shape  and  the  type  of  branching  of  a 
shrub.  The  light-darkness  ratio  was  such  that  the  accumulated  nutrient 
material  could  be  used  only  for  forms  of  growth  involving  a  minimum  of 
apogeotropic  response.  Finally,  the  pendent  form  of  elongation  of  the 
primary  and  secondary  stems  assumed  unusual  prominence,  producing  a 
sort  of  "weeping-willow"  effect,  and  marking  the  last  phase  of  develop- 
ment. Apparently,  there  was  at  the  end  almost  complete  loss  of  the 
power  for  apogeotropic  development.     (PI.  3,  B.) 

The  duration  of  the  daily  light  period  also  is  a  factor  in  the  elongation  of 
underground  stems.  As  stated  on  page  876,  Rumex  is  unable  to  develop 
flowering  stems  when  exposed  to  a  short  day  length.  Aerial  development 
is  limited  to  the  formation  of  leaf  rosettes,  as  shown  in  Plate  12,  B.  In 
this  case,  however,  there  is  very  active  underground  development  of 
stems,  indicating,  perhaps,  a  further  step  toward  complete  loss  of  the 
power  of  growth  against  the  force  of  gravity.     It  may  be  surmised, 
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therefore,  thai  the  length  of  day  is  a  factor  in  the  so-called  "law  of  level ' ' 
applied  to  underground  sterns.  Thus,  in  effect,  a  change  in  day  length 
from  optimum  to  suboptimum  for  apogeotropic  stem  elongation  may 
cause  the  apical  bud  to  lose  its  dominance  and  lateral  buds  to  become 
active.  As  stages  in  the  response  to  departure  from  the  optimum  light 
exposure  for  increase  in  stature  may  be  noted  branching  at  the  top, 
middle,  or  base  of  the  aerial  portion  of  the  axis;  various  degrees  of 
erectness  in  the  resulting  branches,  from  the  upright  to  the  pendent 
form;  the  prostrate  or  creeping  form  of  stem  elongation;  and  develop- 
ment only  of  the  underground  type  of  stem  which,  in  turn,  may  change  its 
direction  of  growth  upward  or  downward  with  a  change  in  the  daylight 
period  toward  or  away  from  the  optimum  for  negative  geotropism. 

ROOT  GROWTH 

Preliminary  observations  indicate  that  the  duration  of  the  daily 
illumination  period  may  exert  a  marked  effect  on  the  relative  develop- 
ment of  the  root  and  the  aerial  portions  of  the  plant.  For  example,  a 
cutting  of  Biloxi  soybeans  made  no  top  growth  at  all  through  the  winter 
months  and  the  original  leaves  assumed  a  very  dark  color  and  generally 
unthrifty  appearance.  Apparently  new  buds  were  unable  to  develop. 
Upon  examination  of  the  underground  portion  of  the  plant  in  the  spring 
it  was  seen  that  the  soil  contained  a  large  mass  of  roots  altogether  out  of 
proportion  to  the  top  of  the  plant,  as  judged  by  the  usual  summer  growth. 
Other  similar  cases  have  been  observed  in  which  a  light  duration  un- 
favorable to  aerial  development  has  caused  extensive  root  growth. 
Growth  of  root  and  shoot,  therefore,  are  not  necessarily  contemporaneous 
with  respect  to  season,  and  arrested  development  of  the  exposed  portion 
of  the  plant  caused  by  suboptimal  light  duration  need  not  be  accompanied 
by  checking  of  root  growth. 

PUBESCENCE 

A  feature  of  the  experiments  with  Amaranthus  hybridus  L.  described 
on  page  873  worthy  of  note  is  the  fact  that  under  the  shortened  light 
exposures  of  5,  10,  12,  and  13  hours  daily  the  leaves  were  glabrous  and 
the  veins  were  not  prominent.  The  leaves  of  the  control  plants,  exposed 
to  the  full-day  length,  on  the  other  hand,  were  noticeably  pubescent  and 
the  veins  were  decidedly  more  prominent. 

Specimens  of  wild  lettuce  (Lactuca  spicata  (Lam.)  Hitchc.)  were  trans- 
planted to  boxes  from  the  field  March  29  when  in  the  form  of  small 
rosettes.  Under  a  10-hour  day  the  first  blossoms  opened  August  24, 
and  under  the  full  summer  length  of  day  the  first  blossoms  opened 
August  21.  The  average  heights  were  65  and  96  inches,  respectively. 
Under  the  shortened  light  exposure  the  reduction  in  stem  elongation  was 
accompanied  by  a  marked  increase  in  the  size  and  in  coarseness  in  tex- 
ture of  the  leaves,  as  shown  in  Plate  10,  B.  There  was,  also,  a  striking 
increase  in  the  pubescence  and  roughness  of  the  leaves  and  stem  under  the 
short  daylight  exposure. 

Thus,  in  the  case  of  the  short-day  plant  Amaranthus  pubescence  was 
not  favored  by  shortening  the  light  period,  but  in  the  case  of  the  long-day 
plant  Lactuca  the  shortened  daylight  period  was  markedly  effective  in 
this  respect. 
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PHYSIOLOGICAL  TRANSLOCATION 

As  was  brought  out  in  the  preceding  discussion  of  apogeotropism  and 
of  branching,  a  day  length  sufficiently  below  the  optimum  for  apogeo- 
tropic  expression  often  results  in  the  leaf-rosette  type  of  development 
(or  prostrate  form  of  stem  growth),  with  more.or  less  complete  inhibition 
of  upright  stem  elongation.  Again,  where  upright  growth  of  the  primary 
axis  has  already  taken  place  a  change  to  suboptimum  in  the  light  duration 
tends  to  break  down  the  dominance  of  the  apical  bud  over  the  lateral 
buds,  thus  causing  development  of  either  aerial  or  subterranean  secondary 
stems  or  branches,  depending  on  the  species  in  question  and  on  the 
extent  of  the  change  in  light  duration.  A  third  important  phase  of 
apogeotropism  now  requires  consideration.  Under  the  influence  of  the 
apogeotropic  stimulus  the  lower  parts  of  the  plant,  including  leaf,  stem, 
tuber,  and  thickened  root,  may  yield  up  their  nutritive  constituents 
to  the  upper  plant  parts  and  for  the  most  part  tend  to  pass  into  a  state 
of  senescence,  often  followed  by  death.  Thus,  under  the  influence  of  a 
favorable  light  exposure  the  plant  in  increasing  its  stature  may  use  over 
and  over  again,  within  limits,  elements  of  plant  food  which  may  be  avail- 
able only  in  limited  quantities.  Conversely,  under  an  unfavorable  light 
duration  the  movement  of  plastic  nutrient  material  is  downward  rather 
than  upward,  with  resultant  increased  growth  of  the  lower  plant  parts 
(branching,  stooling,  stolon  formation,  development  of  rootstocks, 
growth  of  roots,  etc.)  or,  with  a  still  less  favorable  light  duration,  forma- 
tion of  underground  storage  and  resting  organs.  With  only  a  moderate 
departure  from  the  optimal  light  duration  for  increase  in  stature  the 
effect  may  be  to  initiate  flowering.  In  this  case  translocation  toward 
the  apex  is  not  interrupted  unless  the  change  in  the  illumination  period 
is  too  great.  In  the  latter  event  the  movement  of  food  materials  is 
diverted  downward  and  successful  fruiting  is  prevented,  as,  for  example, 
in  poinsettia  exposed  to  a  10-hour  day  (see  p.  876). 

In  a  recent  investigation  Schertz  (21)  concluded  that  mottling  of  the 
older  leaves  of  Coleus  blumei  is  due  to  a  failing  nitrogen  supply.  There 
can  be  no  doubt  of  the  fact  that  with  only  a  limited  supply  of  nitrogen 
available  there  is  often  a  decided  tendency  for  the  lower  leaves  to  yellow 
and  wither,  while  the  upper  portion  of  the  plant  continues  to  grow. 
For  example,  it  is  well  known  by  tobacco  growers  that  too  low  a  propor- 
tion of  nitrogen  to  phosphorous  in  the  soil  wrill  cause  "firing"  or  dying 
of  the  lower  leaves  of  the  tobacco  plant.  It  still  remains,  however,  to 
explain  why  the  lower,  more  mature  leaves  yield  their  nutrient  materials 
to  the  upper  portion  of  the  plant  when  the  available  supply  of  these 
nutrients  is  limited.  It  seems  reasonable  to  suppose  that  this  phenom- 
enon is  largely  a  manifestation  of  apogeotropism,  and  it  appears  that 
appropriate  duration  of  the  daily  illumination  period  is  a  controlling 
external  cause  of  this  manifestation,  whatever  may  be  the  internal 
mechanism  through  which  it  operates. 

Thus,  when  exposed  to  a  long  day  Cosmos  has  attained  a  stature  and 
size  out  of  proportion  to  the  small  volume  of  soil  supporting  the  root 
system  in  the  container.  Under  these  conditions,  however,  the  lower 
leaves  soon  perish  so  that  only  a  comparatively  narrow  zone  of  living 
foliage  immediately  beneath  the  growing  part  follows  the  upward  growth 
of  the  stem.  In  similar  manner  the  lower  portions  of  the  stem  tend  to 
become  woody  and  retain  only  minimal  quantities  of  the  plant  food 
elements  needed  by  the  upper  growing  portion.     The  conclusion  that 
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under  the  long-day  influence  there  is  active  upward  movement  of 
nutrients  from  the  lower  portion  of  the  plant  seems  to  be  supported  by 
the  fact  that  cutting  back  the  stem  quickly  results  in  a  swelling  of  the 
upper  residual  node,  followed  by  rapid  growth  of  branches  (PI.  17,  A), 
an  effect  which  is  not  observable  under  short-day  conditions.  Poinsettia 
shows  even  more  markedly  than  Cosmos  this  tendency  to  continue 
upward  elongation  of  the  stem  under  the  long-day  stimulus  in  spite  of 
a  limited  supply  of  nutrients  from  the  soil,  and,  in  doing  so,  to  constantly 
shed  the  lower  leaves  as  stem  growth  proceeds  (PI.  19,  B). 

For  successful  fruiting,  after  flowering  has  been  initiated,  it  is  essential, 
of  course,  that  the  reproductive  structure  receive  from  other  plant  parts 
an  adequate  supply  of  food  materials.  It  is  apparent  that  ordinarily 
such  a  supply  of  nutrients  is  assured  under  a  day  length  approximating 
the  optimum  for  initiating  flowering.  Under  a  length  of  day  veering 
toward  the  optimum  for  apogeotropic  response  the  direction  of  the  food 
stream  is  not  changed  but  the  tendency  is  for  diversion  of  the  arriving 
food  material  to  the  development  of  vegetative  structures,  thus  causing 
shedding  of  the  blossoms  or  young  fruit.  A  change  in  length  of  day 
in  the  opposite  direction,  however,  if  sufficiently  marked  will  tend  to 
direct  the  food  stream  downward,  thus  favoring  the  development  of 
lower  branches,  leaves,  bulbs,  tubers,  and  roots.  In  some  cases  there 
appears  to  be  an  intermediate  condition  in  which  the  food  stream  still 
moves  to  the  upper  parts  (or  is  arrested  before  passing  downward), 
but  the  light  relations  will  permit  neither  vegetative  nor  floral  buds  to 
grow.  Under  these  conditions  aerial  tubers  may  result,  or  in  perennials 
the  food  material  is  simply  deposited  in  the  stem  in  the  region  of  resting 
buds. 

PIGMENT   FORMATION 

It  is  well  known  that  continuous  exposure  to  darkness  for  considerable 
periods  of  time  ordinarily  leads  to  etiolation.  According  to  Bonnier  (j) 
continuous  exposure  to  electric  illumination  of  an  intensity  much  lower 
than  that  of  sunlight  causes  a  much  greater  development  of  chloroplasts 
and  formation  of  chlorophyll  than  under  normal  conditions.  In  view 
of  these  facts  the  effects  of  differences  in  the  length  of  the  daily  illumina- 
tion period  are  striking.  Exposure  to  a  very  short  day  length  com- 
monly leads  to  well-defined  etiolation,  but  in  some  cases  there  is,  after 
a  time,  more  or  less  complete  recovery,  the  tendency  being  toward  a 
return  to  the  normal  green  color.  Under  a  5 -hour  day  turnip  (Brassica 
rapa  L.)  became  extremely  etiolated  and  died  after  attaining  a  height  of 
only  a  few  inches.  On  the  other  hand,  peanut  (Arachis  hypogoea  L.) 
under  similar  conditions  showed  only  slight  evidence  of  etiolation  at 
first  and,  soon  becoming  noticeably  greener,  made  comparatively  good 
growth  throughout  the  summer.  Sweet  potato  (Ipomoea  batatas  L.) 
became  severely  etiolated  but  later  partially  recovered  and  made  fair 
growth.  Soybeans  behaved  much  the  same  as  sweet  potato.  Irish 
potato  showed  severe  etiolation  and  made  relatively  poor  growth. 
Aster  linariifolius  L.  retained  its  green  color  throughout.  Under  a 
10-hour  day  Dioscorea  batatas  L,.  became  markedly  etiolated  but  sub- 
sequently almost  completely  recovered  its  normal  green  color. 

In  striking  contrast  with  these  etiolation  effects,  exposure  to  a  length 
of  day  in  excess  of  that  producing  etiolation  but  still  below  the  optimum 
for  flowering  usually  causes  the  leaves  of  the  plant  to  assume  a  shade  of 
green  much  darker  than  the  normal.     This  effect  has  been  noted  in  a 
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large  number  of  species.  While  in  a  number  of  species  there  is  a  decided 
tendency  toward  eventual  recovery  from  the  condition  of  etiolation 
caused  by  a  light  exposure  of  very  short  duration,  the  reversed  condition 
of  increased  depth  of  green  color  induced  by  a  somewhat  longer  light 
exposure  appears  to  be  permanent  so  long  as  the  proper  light  conditions 
prevail.  This  dark  green  color  is  associated  with  a  condition  of  relative 
inactivity  in  the  green  portion  of  the  plant  so  far  as  appearance  goes, 
for  typically  there  is  little  or  no  growth  above  ground.  There  is  usually 
intense  activity  underground  in  this  case  in  the  formation  and  develop- 
ment of  underground  stems,  tubers,  and  roots. 

It  is  hardly  necessary  to  discuss  at  length  the  fact  that  the  changes 
in  color  of  foliage  leaves  which  are  regularly  associated  with  autumn 
leaf  fall  may  follow  in  a  natural  manner  as  a  sequel  to  flowering,  fruiting, 
and  other  phenomena  leading  up  to  senescence,  dormancy,  or  death  of 
the  plant  when  these  processes  are  developed  through  artificial  control 
of  the  light  period.  It  will  suffice,  perhaps,  to  give  a  single,  very  inter- 
esting case  illustrating  the  fact  that  color  changes  affected  by  the  light 
duration  are  not  confined  to  the  chlorophyll  pigments.  A  specimen  of 
poinsettia  forced  into  flowering  by  exposure  to  a  10-hour  day,  which 
was  accompanied  by  the  usual  rich  coloration  of  the  bracts  of  the 
inflorescence,  as  described  on  page  876,  was  transferred  September  2  to 
the  greenhouse  electrically  illuminated  from  sunset  till  midnight.  Under 
the  influence  of  the  lengthened  illumination  period  a  tendency  toward 
replacement  of  the  red  color  of  the  bracts  by  chlorophyll  green  soon 
became  evident.  The  bracts  persisted  for  many  weeks,  the  younger 
ones  assuming  a  clear  green  color.  Finally,  in  December  vegetative 
growth  was  resumed  at  the  extreme  tip  of  the  inflorescence.  The  first 
growth  of  the  new  shoot  was  of  the  weak,  pendent  type,  and  the  stem 
was  red  in  color  instead  of  the  normal  green.  Eventually,  however,  the 
stem  assumed  upright  growth  and  developed  the  usual  green  color. 
These  color  relations  are  well  shown  in  Plate  1. 

ABSCISSION   AND   LEAF  FALL 

In  the  case  of  such  annuals  as  regularly  shed  their  leaves  before  dying 
abundant  evidence  already  has  been  given  of  abscission  and  leaf  fall  as 
phenomena  following  flowering  and  fruiting  induced  by  suitable  regula- 
tion of  the  length  of  day.  Soybeans  furnish  a  good  example.  Under 
the  proper  length  of  day  flowering  and  fruiting  are  promptly  followed 
by  yellowing  of  the  leaves,  which  take  on  a  rich  golden  yellow  color. 
Abscission  is  soon  completed  and,  as  a  result,  the  stalks  are  practically 
bare  of  leaves  when  final  maturity  is  reached.  These  effects  are  clearly 
shown  in  the  previous  article  (7,  PL  66  and  69). 

Specimens  of  smooth  sumac  (Rhus  glabra  L.)  were  transplanted  to 
wooden  boxes  in  April  and  allowed  to  grow  under  outdoor  conditions 
during  the  summer.  On  September  8  one  lot  was  transferred  to  the 
greenhouse  electrically  illuminated  from  sunset  till  midnight  while  the 
second  lot  was  placed  in  the  greenhouse  receiving  natural  light  only. 
Under  the  latter  conditions  the  leaves  soon  colored,  although  leaf  fall 
was  slightly  delayed  and  the  colors  were  not  as  bright  as  normal  for 
the  species.  Under  the  lengthened  illumination  period  there  was  no 
autumn  coloration  or  falling  of  leaves.  With  the  added  electric  illu- 
mination of  very  low  intensity  no  additional  top  growth  took  place,  but 
the  leaves  assumed  an  abnormally  dark  green  color  which  was  retained 
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through  the  winter.  Although  resting  buds  had  been  organized  at  the 
bases  of  the  leaf  petioles,  these  did  not  develop,  and  the  general  appear- 
ance above  ground  was  one  of  comparative  inactivity.  Eventually, 
however,  new  shoots  emerged  from  the  soil  as  offsets.  It  is  apparent 
that  the  light  conditions  were  such  as  to  permit  of  limited  vegetative 
activity,  thus  preventing  leaf  fall,  but  these  conditions  Avere  unfavorable 
for  strong  apogeotropic  response.  The  appearance  of  the  plants  in 
January  under  natural  winter  illumination  only  and  with  the  added 
electric  illumination  is  shown  in  Plate  13,  A  and  B. 

Similar  tests  were  made  with  dwarf  sumac  (Rhtis  copallina  L.) .  Under 
natural  illumination  only,  the  leaves  were  only  slightly  delayed  in  coloring 
and  falling,  the  colors  being  somewhat  less  intense  than  usual,  and  the 
plants  did  not  awaken  from  dormancy  during  the  winter.  With  the 
addition  of  the  weak  electric  illumination,  coloring  and  falling  of  the 
leaves  was  delayed  for  several  weeks,  although  eventually  the  leaves  were 
shed  and  the  plants  became  dormant. 

Experiments  were  carried  out  with  the  tulip  tree  (Liriodendron  tulip f era 
(L.)  in  a  similar  manner.  In  this  case  transfer  to  the  electrically  illumi- 
nated greenhouse  in  September  was  promptly  followed  by  renewal  of 
active  growth  of  aerial  parts  with  abundant  development  of  new  leaves. 
There  was  no  definite  period  of  leaf  fall,  onfy  individual  older  leaves 
gradually  dying  back.  There  was  no  abscission,  and  even  after  the  leaves 
were  dead  the  petioles  remained  firmly  attached  to  the  stem.  In  this 
manner  the  plants  continued  active  vegetative  development  till  the 
experiment  was  discontinued  at  the  end  of  18  months  without  having 
shown  any  indication  of  abscission  or  definite  period  of  shedding  of  the 
leaves.  The  control  plants  soon  lost  their  leaves  through  abscisson  and 
remained  dormant  through  the  winter.  The  appearance  of  the  plants 
under  the  two  conditions  of  illumination  is  shown  in  Plate  14,  A  and  B. 

Thus,  in  the  three  species  considered  it  is  seen  that  weak  electric  light 
(3  to  5  foot-candles)  as  a  supplement  to  the  sunlight  of  short  winter  days 
has  ranged  in  effectiveness  from  simply  delaying  leaf  fall  to  causing  more 
or  less  complete  resumption  of  normal  vegetative  activities. 

In  the  foregoing  experiments  it  is  shown  that  natural  shortening  of  the 
day  length  in  fall  and  winter  results  in  leaf  fall  through  abscission.  It  is 
not  to  be  inferred  from  these  results,  however,  that  abrupt  change  from 
a  long  to  a  very  short  day  will  accomplish  the  same  result.  It  already 
has  been  pointed  out  (p.  902)  that  in  a  large  class  of  plants  exposure  to  an 
illumination  period  slightly  longer  than  that  causing  etiolation  leads  to 
development  of  an  abnormally  dark  green  color  in  the  leaves.  Under 
these  conditions  flowering  occurs  with  difficulty  or  not  at  all  and  visible 
evidence  of  activity  is  found  chiefly  at  or  below  the  surface  of  the  soil. 
A  somewhat  longer  illumination  period,  on  the  other  hand,  favors  repro- 
ductive activities  followed  by  leaf  fall  and  dormancy  or  death.  In  such 
plants,  therefore,  abrupt  change  from  a  long  to  a  very  short  day  will  not 
lead  to  shedding  of  leaves  but  will  result  in  diverting  developmental 
activities  downward  in  the  plant,  the  leaves  remaining  intact  and  doubt- 
less functioning  in  some  measure.  The  above-mentioned  two  sumacs  and 
tulip  and  other  woody  species  were  exposed  to  a  10-hour  day  during  the 
summer  months.  Under  these  conditions  none  of  the  plants  shed  their 
leaves  but,  instead,  assumed  a  generally  unthrifty  appearance  and  ceased 
upward  growth.  The  leaves  became  dark  green  in  color  and  to  the  touch 
appeared  to  contain  but  little  sap.    These  results  indicate  that  a  gradual 
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transition  from  the  long  days  of  summer  to  the  short  days  of  midwinter 
is  required  to  induce  abscission  in  these  plants. 

DORMANCY  AND   DEATH 

In  general,  exposure  of  annuals  to  the  optimal  illumination  period  for 
flowering  tends  to  induce  rapid  senescence  and  death.  In  the  same  way 
exposure  to  certain  definite  day  lengths  causes  perennials  to  enter  into  a 
state  of  dormancy.  Deciduous  trees  and  shrubs,  in  which  the  laying  down 
of  resting  buds  on  the  stem  precedes  leaf  fall,  enter  into  a  form  of  dor- 
mancy involving  temporary  weakening,  but  not  complete  loss,  of 
capacity  for  apogeotropic  functioning.  Herbaceous  perennials  enter  into 
a  form  of  dormancy  in  which  there  is  more  complete  loss  of  the  apogeo- 
tropic function.  In  both  cases  there  is  loss  of  leaves  and  photosynthetic 
activity  is  mostly  suspended.  That  the  first-named  type  of  dormancy 
may  be  prevented  by  maintenance  of  a  relatively  long  illumination  period 
is  shown  by  the  experiments  with  the  tulip  poplar  described  in  the 
preceding  discussion  of  abscission  and  leaf  fall.  That  the  second  type  of 
dormancy  also  may  be  prevented  by  maintaining  a  long  illumination 
period  has  been  shown  in  experiments  with  Aster  linariijolius. 

Too  great  a  departure  from  the  optimal  illumination  period  for  apogeo- 
tropic growth,  however,  may  cause  the  plant  to  assume  a  sort  of  pseudo- 
dormancy  in  which  the  leaves  acquire  an  abnormally  dark  green  color  and 
the  general  appearance  above  the  ground  is  one  of  comparative  inactivity. 
Annuals,  as  well  as  perennials,  show  this  response.  These  considerations 
lead  to  the  conclusion  that  there  may  be  an  optimal  light  duration  for 
death  as  well  as  for  dormancy,  while  on  either  side  of  this  optimum  there 
may  be  very  considerable  and  long-continued  activity  by  the  plant.  On 
the  one  side  the  response  is  primarily  and  characteristically  apogeotropic. 
On  the  other  side  the  general  tendency  is  toward  geotropic  response, 
visible  expression  being  confined  mostly  to  the  surface  or  underground 
portions  of  the  plant. 

The  results  of  tests  with  five  varieties  of  soybeans  will  illustrate  the 
fact  that  exposure  to  a  definite  light  period  results  in  rapid  senescence 
and  death  in  annuals.  The  varieties  known  as  Mandarin,  Peking, 
Tokyo,  Biloxi,  and  Otootan  were  planted  May  31  to  June  1  in  boxes 
and  germinated  June  4  to  6.  They  were  exposed  to  day  lengths  of 
10,  11,  12,  13  hours,  and  to  the  natural  length  of  day  of  summer.  For 
comparison,  a  lot  of  each  variety  also  was  given  10  hours  of  light  daily 
of  low  intensity  by  means  of  a  shade  of  cheesecloth.  The  principal 
results  of  the  tests  are  presented  in  Table  VI.  On  September  8  the 
seed  pods  of  all  varieties  were  fully  matured  and  dry  under  all  reduced 
day  lengths,  but  only  those  of  the  Mandarin  variety  had  matured  under 
the  natural  length  of  day.  Under  the  shorter  light  period  all  varieties 
flower  at  practically  the  same  time;  but  as  the  light  duration  is  increased 
the  dates  of  flowering  draw  apart,  and  under  the  full  summer  day  length 
the  differences  in  time  of  flowering  become  very  great.  As  to  the 
advance  of  senescence  following  the  flowering  and  fruiting  stages  two 
facts  are  brought  out  in  the  table.  It  is  evident  that  the  rate  at  which 
senescence  advances  in  a  given  variety  depends  on  the  duration  of  the 
light  period  and,  also,  it  is  evident  that  the  optimal  light  period  for 
advance  of  senescence  differs  with  the  variety.  For  the  earlier  varieties, 
Mandarin  and  Peking,  it  appears  that  the  optimal  period  is  approxi- 
mately 13  hours,  while  for  the  very  late  varieties,  Biloxi  and  Otootan, 
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the  optimal  is  n  to  12  hours.  The  Tokyo  seems  to  be  better  able  to 
resist  the  advance  of  senescence  than  the  other  varieties.  The  Peking 
is  particularly  responsive  to  a  definite  light  exposure  in  this  respect 
and  under  the  13-hour  day  began  shedding  its  leaves  early  in  August. 

Table  VIII. — Behavior  of  different  varieties  of  soybeans  planted  May  31  to  June  I  and 
grown  under  daily  light  exposures  of  different  lengths. 


Average  height  of  plants  on 
Aug.  5. 

Time  of  first  blossoming. 

Treatment. 

Man- 
darin. 

Pe- 
king. 

To- 
kyo. 

Bi- 
loxi. 

Otoo- 
tan. 

Man- 
darin. 

Peking. 

Tokyo. 

Biloxi. 

Otootan. 

10-hour  day,  5.30  a.  m. 

to  3.30  p.  m 

1  i-hour  day,  5.30  a.  m. 

to  4.30  p.  m 

12-hour  day,  5.30  a.  m. 

to  5. 30  p.  m 

13-hour  day,  5.30  a.  m. 

Controls,  full  summer 

In. 
18 

20 

20 

27 

25 

18 

In. 
13 

14 

16^ 

19 

17 

11 

In. 

IS 

20 
20 

27 
51 

IS 

In. 
18 

20 

21 

28 

31 

18 

In. 

23 

25 

30 

36 

33 
33 

June  27 

...do.... 

..do 

June  25 
...do 

June  27 
..do 

Juns 
rlc 

-  30 
.... 
2 

July      1 
Do. 

...do 

..do 

June  30 
Aug.     8 

June  28 

July 

July     4 

...do..  .. 

...do 

July     5 
Sept.    7 

June  30 

July     6 

July      2 
June  28 

July    18 
June  27 

10-hour  day,  5.30  a.  m. 
to  3.30  p.  m.,  under 

July     2 

Appearance  of  plants  Sept.  8. 

Treatment. 

Mandarin. 

Peking. 

Tokyo. 

Biloxi. 

Otootan. 

10-hour  day,  5.30  a.  m.  to  3.30 

p.  m. 
1  i-hour  day,  5.30  a.  m.  to  4.30 

p.  m. 
12-hour  day,  5.30  a.  m.  to  5.30 

p.  m. 
13-hour  day,  5.30  a.  m.  to  6.30 

P.  m. 
Controls,  full  summer  day  length . 

10-hour  day,  5.30  a.  m.  to  3.30 
p.  m.,  under  heavy  shade. 

Leaves  green 

Leaves  yel- 
lowing. 

Few     green 
leaves. 

Nearly  leaf- 
less. 

Mostly  leaf- 
less. 

Leaves  green 

Most  leaves 

green. 
...do 

Stalks  dead, 

leafless. 
Leaves  green 

...do 

Leaves  green 

do 

do 

do 

Green,    still 
flowering. 
Leaves  green 

Leaves  yel- 
lowing. 

Mostly  leaf- 
less. 

Few  green 
leaves. 

Most  leaves 
green. 

Still  grow- 
ing. 

Few  green 
leaves. 

Leaves     yel- 
lowing. 
Leafless. 

Few       green 

leaves. 
Leaves  green. 

Still       grow- 
ing. 
Leafless. 

Considering  that  a  light  period  which  is  unfavorable  for  vegetative 
activity  may  cause  death  or  dormancy,  as  the  case  may  be,  the  question 
arises  as  to  the  relation  of  the  light  period  to  emergence  from  dormancy. 
The  line  of  division  between  death  and  dormancy  is  often  a  very  narrow 
one,  and  there  are  varying  degrees  or  conditions  of  dormancy.  It  appears 
that  the  time  and  conditions  of  emergence,  or  whether  it  shall  occur  at  all, 
may  depend  in  part  upon  the  length  of  day  under  which  the  plant  enters 
upon  the  state  of  dormancy.  The  behavior  of  the  Kudzu  vine  (Pueraria 
hirsutus  (Thunb.)  Scheid.)  in  this  particular  is  of  interest.  Beginning 
May  12,  seedlings  which  had  been  growing  since  January  5  were  given  a 
10-hour  day  through  the  summer  while  control  plants  were  exposed  to 
the  full  day  length.  Under  the  10-hour  day  growth  of  the  aerial  portions 
of  the  plant  soon  ceased  and  the  foliage  assumed  a  very  dark  green  color. 
The  basal  portion  of  the  stem  became  considerably  enlarged.  The  controls 
grew  vigorously  through  the  summer.  Both  lots  of  plants  were  transferred 
to  the  greenhouse  September  15.  In  both  cases  the  leaves  gradually 
withered  and  fell  and  the  plants  became  dormant,  although  this  condition 
was  not  fully  reached  till  early  in  December.    By  January  1 1  new  shoots 
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began  to  appear  on  the  plants  which  had  been  exposed  to  a  10-hour  day 
during  the  preceding  summer.  The  renewed  growth  was  rapid  and  vigo- 
rous. The  new  foliage  showed  the  abnormally  dark  green  color  of  the 
original  leaves  which  had  developed  under  the  10-hour  day.  The  control 
plants  did  not  renew  their  growth  till  February  16  (PL  15,  A  and  B). 
Beginning  August  16,  a  third  series  of  plants  were  placed  in  the  greenhouse 
artificially  lighted  from  sunset  till  midnight.  In  this  case  dormancy  was 
inhibited  and  rapid  growth  continued  during  the  winter  months.  More- 
over, no  woody  stems  were  formed,  even  the  tissues  of  the  basal  portions 
of  the  stem  remaining  soft,  in  contrast  with  the  usual  behavior  of  Kudzu. 

As  has  been  repeatedly  pointed  out,  there  is  a  well-defined  quantitative 
aspect  of  the  influence  which  the  length  of  day  exercises  on  the  formation 
of  seeds  and  vegetative  resting  and  reproductive  structures  so  that,  other 
conditions  equal,  it  is  to  be  expected  that  emergence  from  the  rest 
period  will  be  materially  influenced  by  the  prevailing  length  of  day  under 
which  the  state  of  dormancy  was  developed.  There  can  be  no  doubt 
that  both  the  quantity  and  the  character  of  the  plastic  "reserve"  ma- 
terial available  for  subsequent  needs  of  the  resting  embryo  are  conditioned 
in  large  measure  by  this  factor. 

As  regards  the  direct  action  of  length  of  day  on  emergence  from  the  rest 
period,  it  would  seem  that  successful  emergence  without  the  aid  of  a 
favorable  day  length  will  depend  on  whether  suitable  temperature  condi- 
tions and  other  environmental  conditions  can  set  in  action  the  necessary 
internal  processes  for  renewing  active  growth.  Since  ultimately  both  the 
character  and  the  extent  of  growth  in  the  plant  are  dependent  largely 
on  the  prevailing  day  length,  the  point  at  which  this  factor  must  inter- 
vene in  the  renewal  of  activity  by  the  resting  structure  will  be  governed 
by  the  amount  of  potential  growth  energy  that  becomes  available  from 
stored  materials  under  the  existing  environment.  In  the  case  of  the  vege- 
tative bud  the  action  of  a  favorable  light  period  may  come  into  play 
almost  at  the  outset.  What  action,  if  any,  the  light  period  may  exercise 
directly  on  nonchlorophyllous  structures  can  not  be  stated  at  this  time. 
It  has  been  shown  by  MacDougall  (13)  that  in  certain  cases  resting  buds 
attached  to  large  storage  organs  may  maintain  renewed  growth  for  a  year 
or  more  without  receiving  any  light.  By  way  of  contrast,  however,  the 
behavior  of  Hibiscus  moscheutos  L.  is  of  interest.  Under  short  day  condi- 
tions this  plant  is  unable  to  make  appreciable  growth  (7,  p.  578).  Seed- 
lings were  grown  in  buckets  during  the  summer  under  outdoor  conditions 
and  were  left  out  of  doors  during  the  following  winter.  Beginning 
March  27,  one  series  was  allowed  to  receive  only  10  hours  of  light  daily 
while  a  second  series  continued  to  receive  the  full  seasonal  period  of 
daylight.  On  these  control  plants  new  shoots  apeared  April  8  and  9  and 
growth  continued  in  normal  fashion.  Under  the  10-hour  day  a  feeble 
development  of  new  shoots  was  noticeable  by  May  18,  but  these  soon 
died  when  still  less  than  an  inch  long.  The  condition  of  the  plants  under 
the  two  conditions  of  light  on  June  21  are  shown  in  Plate  17,  B.  Simi- 
larly, Aster  UnarUfolius  was  transferred  to  the  greenhouse  October  17 
and  on  November  27  was  placed  beneath  a  100- watt  electric  light  provided 
with  reflector,  at  a  distance  of  1  foot,  the  light  being  on  each  day  from 
4.30  p.  m.  to  12.30  a.  m.  New  shoots  appeared  during  the  third  week  in 
December.  Under  control  conditions  the  rest  period  was  not  broken 
till  spring.  In  the  case  of  second-year  beets,  previously  described 
(p.  888),  although  development  of  flowering  stems  began  under  a  10-hour 
day,  the  plants  were  never  able  to  flower.    A  number  of  small  trees  and 
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shrubs,  including  Acer  negundo  L.,  Acer  rubrum  L-,  Cornus  florida  L., 
and  Rhus  glabra  L.,  which  were  exposed  to  an  8-hour  day,  beginning 
early  in  January,  successfully  unfolded  their  leaves  at  about  the  same 
time  as  did  the  controls.  Some  of  these,  however,  made  but  little  sub- 
sequent growth  even  under  a  io-hour  day,  which  proved  to  be  too 
short  for  their  requirements.  It  appears,  therefore,  that  there  are  all 
degrees  of  dependence  upon  the  direct  action  of  the  light  period  in  the 
matter  of  emerging  from  dormancy.  Much,  doubtless,  depends  on  the 
conditions  under  which  the  plant  enters  dormancy  and  the  environmental 
conditions  which  prevail  during  the  rest  period.  The  whole  subject  of 
dormancy  in  relation  to  the  light  period  will  require  further  study  before 
general  conclusions  may  be  drawn. 

SENESCENCE  AND  REJUVENESCENCE 

All  experimental  data  thus  far  secured  seem  to  support  the  conception 
advanced  long  ago  that  a  common  cause  of  general  senescence,  that  is, 
senescence  of  the  whole  or  greater  part  of  the  plant,  is  the  intense  forma- 
tion of  independent  or  semi-independent  reproductive  structures.  In 
annuals  a  length  of  day  which  favors  intense  flowering  and  fruiting  has 
resulted  in  rapid  senescence  and  death,  and  in  herbaceous  perennials 
this  has  been  true  with  respect  to  both  sexual  reproduction  and  tuber 
formation.  This  relationship  applies  whether  the  optimal  light  period 
for  reproduction  corresponds  to  the  longest  summer  days  or  the  shorter 
days  of  spring  and  fall.  It  has  been  pointed  out  that  Peking  soybeans 
rapidly  pass  into  senescence  under  the  influence  of  a  day  length  of  about 
13  hours,  which  approximates  the  optimal  length  of  day  for  flowering 
and  fruiting.  Under  a  light  period  much  in  excess  of,  or  much  below, 
13  hours  senescence  is  deferred.  Convolvulus  tricolor  L.  furnishes  an 
example  of  how  a  light  period  too  short  to  admit  of  flowering  may 
indefinitely  delay  decline  and  death.  Seedlings  exposed  to  a  10-hour 
day,  beginning  June  8,  were  unable  to  blossom,  while  growth  continued 
for  a  period  of  more  than  eight  months.  In  this  instance  the  plant 
attains  an  abnormally  large  size  by  continued  exposure  to  a  light  period 
too  short  to  admit  of  flowering. 

Localized  senescence  is  a  very  common  feature  of  photoperiodism  and, 
of  course,  is  frequently  accompanied  by  regeneration  phenomena.  When 
Cosmos,  for  example,  is  exposed  to  a  long  day,  continued  elongation  of 
the  axis  is  accompanied  by  progressive  loss  of  lower  leaves.  As  the 
light  period  becomes  less  favorable  for  apogeotropic  response  the  ten- 
dency is  in  the  reverse  direction.  In  various  species  there  may  be  simple 
abscission  and  leaf  fall,  accompanied  by  formation  of  resting  buds; 
branching,  as  a  result  of  loss  of  dominance  on  the  part  of  the  apical  bud, 
followed  by  decline  of  the  latter;  progressive  decline  of  the  upper  portions 
of  the  primary  axis;  a  general  transfer  of  activity  from  above  to  the 
ground  level  or  even  to  subterranean  parts.  Examples  of  all  these 
stages  have  been  presented  in  the  preceding  pages. 

Since  certain  light  periods  may  defer  the  appearance  of  senescence, 
the  question  arises  as  to  whether  exposure  to  these  light  periods  may 
effect  rejuvenation  in  cases  of  advanced  decline  and  impending  death. 
Examples  of  this  type  of  rejuvenescence  were  given  in  the  previous 
paper  (7,  p.  567)  in  the  cases  of  soybeans,  Ambrosia  artemisiijolia  L-,  and 
wild   aster.     Bidens  frondosa   L.   also  furnishes  an  excellent  example. 
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As  reported  in  the  former  paper,  this  species  flowers  precociously  under 
the  short  days  of  winter  but  flowering  is  readily  inhibited  by  lengthening 
the  light  period.  The  two  phases  of  activity  are  represented  in  a  single 
plant  in  Plate  16,  A.  Under  the  natural  day  length  of  winter  this  plant 
flowered  early  in  February  at  a  height  of  5  inches.  At  the  time  of 
flowering  the  plant  was  transferred  to  the  greenhouse  electrically  lighted 
from  sunset  till  midnight.  The  original  stem  died  to  the  ground,  but 
under  the  lengthened  light  period  new  shoots  appeared  and  these  reached 
a  height  of  more  than  4  feet.  It  seems  clear  that  in  typical  annuals 
not  only  may  general  senescence  be  deferred  more  or  less  indefinitely  by 
preventing  exposure  to  the  particular  light  period  which  favors  reproduc- 
tive activities  but  even  after  this  stage  has  been  reached  rejuvenescence 
may  be  effected  through  regenerative  processes.  The  final  stages  in  an 
interesting  type  of  rejuvenescence  in  the  inflorescence  of  poinsettia,  the 
earlier  stages  of  which  are  referred  to  on  page  903,  are  illustrated  in 
Plate  19,  B. 

LOCALIZATION   OF  THE   PHOTOPERIODIC   RESPONSE 

An  experiment  was  made  with  Cosmos  to  determine  whether  the 
stimulus  imparted  to  a  particular  portion  of  the  plant  by  change  in  the 
light  period  extends  its  influence  to  other  parts  of  the  individual.  The 
results  were  clean  cut,  and  some  interesting  facts  were  brought  out. 
Young  seedlings,  propagated  under  long-day  conditions,  were  cut  back 
to  the  first  node  above  the  cotyledons  so  as  to  cause  two  opposite  branches 
to  develop.  A  month  after  the  plants  were  cut  back  a  cardboard  screen 
was  interposed  vertically  between  the  branches  of  each  individual,  the 
plane  of  the  screen  extending  in  north-and-south  direction.  On  one 
side  of  the  screen  a  100-watt  electric  light,  with  reflector,  was  turned 
on  each  day  from  sunset  till  midnight.  On  the  other  side  of  the  screen 
only  the  natural  daylight  period  of  the  winter  season  prevailed.  The 
plants  were  so  adjusted  with  reference  to  the  screen  that  the  portion  of 
the  plant  below  the  point  of  origin  of  the  two  branches  was  on  the  long- 
day  side  in  some  instances  and  on  the  short-day  side  in  others.  In  all 
cases  the  branches  exposed  to  the  short  day  promptly  flowered  while 
those  exposed  to  the  long  day  continued  the  sterile,  vegetative  type  of 
development,  without  regard  to  the  exposure  of  the  basal  portions  of 
the  plant.  Moreover,  in  all  cases  the  sterile  branch  assumed  a  dominant 
influence  over  the  basal  portion;  that  is,  the  basal  portion  of  the  plant 
continued  to  enlarge  in  harmony  with  the  growth  of  the  vegetative  branch 
while  the  flowering  branch  soon  ceased  growth  and  passed  into  a  state  of 
decline.  These  relations  are  clearly  shown  in  Plate  16,  B.  In  this 
connection  it  is  to  be  recalled  that  the  determinative  influence  of  the 
light  period  on  an  aerial  part  may  be  transmitted  to  a  subterranean 
part  of  the  plant,  as  shown  in  the  case  of  the  potato.  In  this  instance 
the  apogeotropic  influence  of  the  long  light  period  inhibited  tuber  forma- 
tion and,  instead,  buds  at  the  nodes  of  the  stolons  were  caused  to  germinate 
without  a  rest  period,  thus  forming  offsets.  The  experiment  with 
Cosmos  shows  that  such  influence  on  an  aerial  plant  part  may  not  be 
transmitted  to  another  coordinate  member,  and  to  this  extent  perhaps 
the  stimulus  may  be  regarded  as  localized.  It  is  not  entirely  clear  as 
to  how  or  why  the  branch  exposed  to  the  longer  light  period  is  dominant 
over  the  branch  exposed  to  the  shorter  light  period  in  its  influence  on 
other  portions  of  the  plant. 
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LIGHT   PERIOD   IN   RELATION  TO  OTHER   FACTORS  OF  THE 

ENVIRONMENT 

To  arrive  at  a  satisfactory  conclusion  as  to  the  practical  significance  of 
the  seasonal  range  in  length  of  day  in  plant  growth  it  is  essential,  of  course, 
to  know  to  what  extent  other  environmental  factors  are  likely  to  modify 
the  action  of  the  length  of  day.  Because  of  the  unvarying  regularity 
of  the  annual  cycle  in  day  length  it  is  apparent  that  any  influence  of  this 
factor  on  plant  behavior  will  find  expression  in  the  normal  or  usual  sea- 
sonal periodicity  rather  than  in  unusual  or  occasional  responses.  In 
short,  the  change  in  length  of  day  may  be  expected  to  bring  about  the 
usual  rather  than  the  unusual  in  the  annual  cycle  of  the  plant's  activities. 
On  the  other  hand,  occasional  severe  drought,  abnormally  high  or  low 
temperatures,  unusual  chemical  conditions  of  the  soil,  attacks  by  insects 
or  diseases,  may  cause  temporary  disturbance  either  qualitatively  or 
quantitatively  in  the  usual  seasonal  development  of  the  plant. 

The  question  of  chief  interest  in  the  present  connection  is  the  extent  to 
which  the  normal  sequence  of  seasonal  changes  in  other  climatic  factors 
may  modify  or  nullify  the  influence  of  length  of  day  on  periodicity  in 
plant  activity.  That  various  climatic  factors,  as  well  as  the  factor 
spoken  of  as  soil  fertility,  may  produce  quantitative  differences  is  known 
to  all.  To  what  extent  the  actual  annual  range  in  these  factors  may 
cause  distinct  qualitative  differences  in  expression  is  not  so  well  under- 
stood. In  connection  with  the  present  investigations  a  limited  number 
of  observations  have  been  secured  with  certain  species  on  the  significance 
of  climatic  factors  other  than  change  in  the  light  period  in  phenomena  of 
plant  periodicity. 

As  is  well  known,  the  seasonal  change  in  the  lengeh  of  day  is  accom- 
panied by  important  changes  in  the  intensity  of  the  sunlight  and  in  its 
quality,  that  is,  in  the  energy  distribution  of  the  visible  portion  of  the 
sun's  spectrum.  Hence,  it  is  of  special  interest  to  consider  these  factors 
in  relation  to  photoperiodism.  In  the  earlier  paper  considerable  data 
were  presented  (7,  p.  581  et  seq.)  tending  to  show  that  reduction  of  the 
intensity  of  the  sunlight  in  summer  to  as  low  as  one-third  the  normal 
had  no  appreciable  effect  on  the  time  of  flowering  of  soy  beans.  These 
results  have  been  confirmed  in  the  experiments  referred  to  on  page  905. 
As  a  part  of  the  tests  a  long,  rectangular  frame,  with  sides  and  top  covered 
with  cheesecloth,  was  erected  over  a  portion  of  a  steel  track  leading  into 
the  dark  house  so  that  a  truck  carrying  one  lot  of  the  plants  could  be 
rolled  under  the  shade  each  day  while  a  second  lot  was  exposed  to  the 
direct  sunlight.  A  series  of  measurements  of  relative  light  intensity 
within  and  outside  the  shade  from  10  a.  m.  to  3  p.  m.  on  July  27  were 
made  by  R.  A.  Steinberg,  of  this  office.  For  the  purpose  a  Sharp-Millar 
model  F  photometer,  tested  by  the  United  States  Bureau  of  Standards 
and  found  to  be  accurate  to  between  5  and  10  per  cent,  was  used.  In 
round  numbers  the  average  intensity  thus  obtained  for  the  period  indi- 
cated was  10,500  foot-candles  in  the  open  and  3,500  foot-candles  under 
the  shade.  The  results  of  this  test  of  the  comparative  effectiveness  of 
light  duration  and  light  intensity  are  given  in  Table  VIII.  The  maximum 
effect  of  a  reduction  in  light  intensity  to  one-third  the  normal,  with  a 
light  period  of  10  hours,  was  to  delay  the  date  of  first  flowering  by  one 
to  two  days.  In  marked  contrast,  a  reduction  in  the  length  of  the  daily 
light  period  from  the  average  natural  summer  day  length  of  about  14K 
hours  to  13  hours,  a  decrease  of  about  10  per  cent,  promptly  initiated 
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flowering  in  every  case.     The  vegetative  period  of  the  Biloxi  variety,  for 
example,  was  reduced  from  94  days  to  2 1  days.     In  this  experiment  the 
reduction  in  the  duration  of  the  daily  light  period  was  no  greater  than 
actually  occurs  during  the  growing  period  of  the  Biloxi.     The  light  in- 
tensity was  reduced  by  shading  to  about  3,500  foot-candles,  while  the 
natural  decrease  up  to  the  close  of  the  growing  season  (October  1)  only 
is  to  an  average  of  about  6,200  foot-candles  for  the  same  hours  of  the 
day  (9  a.  m.  to  3  p.  m.),  and  to  about  4,500  foot-candles  for  the  entire 
10-hour  day  (7  a.  m.  to  5  p.  m.).     It  is  to  be  noted,  also,  that  the  reduced 
intensity  shows  no  selective  action  on  the  different  varieties  with  respect 
to  time  of  flowering,  whereas  this  is  the  characteristic  feature  of  the 
varietal  response  to  change  in  light  duration.     The  varietal  responses 
to  the  different  light  periods,  in  fact,  are  strictly  in  accord  with  the  natural 
behavior  of  the  varieties  as  to  earliness  of  maturity.     There  are  signifi- 
cant differences,  also,  in  the  effects  of  change  in  intensity  and  change  in 
duration  of  the  light  on  the  heights  attained  by  soybeans.     In  the  former 
paper  (7)  it  was*  shown  that  under  the  natural  day  length  of  summer, 
reduction  of  light  intensity  causes  increased  elongation  of  the  stem  in 
soybeans  and  that,  in  fact,  with  heavy  shading  a  typical  viny  form  of 
growth  develops.     In  Table  VI  it  is  shown,  however,  that  under  a  10- 
hour  day  heavy  shading  failed  to  cause  increased  stem  elongation  in 
comparison  with  plants  exposed  to  the  full  sunlight  for  10  hours  daily, 
except  in  the  case  of  the  Otootan  variety.     The  effect  of  shortening  the 
duration  of  the  light  period  is  the  reverse  of  that  produced  by  reducing 
the  intensity;  that  is,  there  is  decided  reduction  in  stem  growth,  as  is 
shown  in  Table  VI.     Here,  again,  the  effect  of  a  shortened  light  period 
on  the  stature  attained  by  the  plant  is  in  accord  with  the  progressive 
decrease  in  stature  which  results  when  the  date  of  planting  is  made 
later  and  later  in  the  season,  an  effect  well  shown  in  the  former  paper 
(7,  PL  78,  B) .     Decrease  in  light  intensity  fails  to  account  for  either  the 
initiation  of  flowering  or  the  slowing  down  in  stem  growth  in  soybeans 
which  occur  with  advance  of  the  season  after  the  summer  solstice. 

A  similar  experiment  was  made  with  the  Silverskin  onion,  using  the 
same  shade  that  was  employed  in  the  test  with  soybeans.  With  the 
light  intensity  thus  reduced  to  one-third  the  normal,  plantings  of  the 
onion  made  June  16  grew  and  developed  bulbs  in  substantially  the  same 
manner  as  in  the  open  sunlight.  At  most,  the  dying  back  of  the  tops 
was  delayed  a  week  and  the  bulbs  were  about  the  same  size  as  those  of 
the  controls.  Under  a  10-hour  exposure  to  full  sunlight,  on  the  other 
hand,  there  was  no  bulbing  and  the  tops  remained  green  throughout  the 
summer.  These  differences  in  behavior  are  well  shown  in  Plate  18,  A. 
There  is  no  evidence,  therefore,  that  bulb  formation  in  the  onion  is  due 
to  excessive  intensity  of  sunlight  in  the  summer. 

In  the  light  of  these  experiments  it  would  seem  that  use  of  such  terms 
as  "quantity  of  solar  radiation"  in  relation  to  specific  plant  responses 
should  be  abandoned  where  such  terms  involve  both  intensity  of  the 
radiation  and  duration  of  the  daily  exposure.  Not  only  is  there  fre- 
quently no  approach  toward  equal  effects  for  equal  changes  in  these  two 
factors  but  these  effects  may  actually  be  in  opposite  directions.  The 
futility  of  attempting  to  apply  quantitative  energy  relations  of  this  sort 
to  the  process  of  flowering  in  the  soybean  plant  is  further  emphasized  in 
the  following  data.  Beginning  June  30,  one  lot  of  Peking  seedlings  was 
placed  in  darkness  from  10  a.  m.  to  4  p.  m.  dailv;  a  second  lot  was  simi- 
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larly  darkened  from  10  a.  m.  to  2  p.  m. ;  while  a  third  lot  was  excluded 
from  the  light  only  during  the  early  morning  period  prior  to  6.30  a.  m. 
Controls  were  exposed  to  the  full  day  length,  averaging  14  hours  and  33 
minutes  (sunrise  to  sunset)  for  the  month  of  July.  The  dates  of  first 
flowering  in  the  four  series  were  August  5,  August  5,  July  27,  August  10, 
respectively.  It  is  estimated  that  in  the  first  three  series  the  reduction 
in  sunlight  by  darkening  amounted  to  approximately  65,  48,  and  2% 
per  cent,  respectively,  of  the  total  for  the  day.  It  is  evident  that  a 
reduction  of  2%  per  cent  in  the  amount  of  sunlight  when  applied  in  the 
morning  was  more  effective  in  initiating  flowering  than  a  reduction  of 
65  per  cent  applied  in  the  middle  of  the  day.  With  respect  to  flowering, 
the  remarkable  sensitiveness  of  soybeans  to  change  in  length  of  the  daily 
light  period  is  emphasized  in  the  behavior  of  successive  field  plantings 
of  the  Peking;  those  germinating,  for  example,  on  July  20  showed  a  vege- 
tative period  8  to  10  days  shorter  than  those  germinating  July  5,  while 
the  change  in  length  of  day  in  the  interval  of  15  days  was  only  about  17 
minutes,  or  2  per  cent.  It  should  be  noted  in  this  connection  that 
Rivera  (20),  as  a  result  of  his  investigation,  considers  that  the  duration  of 
the  daily  illumination  period  is  more  potent  than  the  intensity  of  the 
light  in  influencing  crop  yields. 

To  obtain  direct  experimental  evidence  on  the  possible  significance  of 
the  seasonal  change  in  the  quality  or  the  composition  of  sunlight  in  the 
development  of  the  plant  offers  considerable  difficulty,  although  this 
phase  of  the  subject  is  now  under  investigation.  The  indirect  evidence 
available  at  this  time  seems  to  indicate  that  this  factor  is  not  of  great 
importance,  at  least  for  the  species  under  study.  For  example,  flowering 
is  easily  induced  in  midsummer  by  shortening  the  day  length  through 
cutting  off  the  morning  and  late  afternoon  sunlight.  The  plant  in  this 
case  receives  a  maximum  proportion  of  sunlight  of  the  shorter  wave 
lengths.  Flowering  also  occurs,  however,  through  natural  shortening  of 
the  day  length  in  fall  and  winter,  and  in  this  case  the  plant  receives  a 
greatly  reduced  proportion  of  the  shorter  wave  lengths. 

As  is  more  fully  brought  out  in  the  final  chapter  of  this  paper,  it  seems 
likely  that  the  internal  water  supply  of  the  plant  is  of  fundamental  im- 
portance in  photoperiodism.  Nevertheless  there  is  no  definite  seasonal 
change  in  rainfall  in  the  eastern  United  States  which  would  account  for 
seasonal  periodicity  in  plant  activities.  It  is  necessary  to  distinguish 
between  the  internal  mechanism  of  the  plant  concerned  in  regulating 
the  water  content,  on  the  one  hand,  and  the  external  water  supply,  on 
the  other.  In  the  previous  paper  (7)  detailed  data  were  given  to  show  that 
wide  differences  in  the  water  content  of  the  soil  were  without  appreciable 
effect  in  initiating  flowering  in  soybeans.  By  reference  to  the  experi- 
ments with  Sagittaria  latijolia  recorded  on  page  878  it  will  be  seen  that 
growing  this  plant  as  an  aquatic  under  a  10-hour  day  delayed  flowering 
by  only  about  two  weeks  as  compared  with  cultures  under  mesophytic 
conditions.  The  reduction  in  the  light  period,  on  the  other  hand,  short- 
ened the  vegetative  period  by  more  than  two  months. 

Temperature  undoubtedly  is  the  most  important  environmental  factor 
in  relation  to  the  action  of  the  light  period  on  plant  growth,  and  two 
phases  of  its  action  need  to  be  taken  into  account.  In  the  first  place, 
the  general  tendency  toward  an  increased  rate  of  growth  and  develop- 
ment as  the  temperature  increases,  within  favorable  limits,  and  the 
reverse  tendency  with  decrease  of  temperature  should  be  to  delay  or 
even  inhibit  flowering  of  typical  summer  annuals  in  late  summer  or  fall. 
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For  this  reason  decrease  of  temperature  with  advance  of  the  season  could 
not  be  expected  to  account  for  the  initiation  of  flowering  in  soybeans  in 
August  and  September,  the  tendency  being  in  the  opposite  direction. 
Direct  evidence  on  this  point  is  furnished  by  plantings  of  the  Peking 
and  Biloxi  varieties  made  in  the  greenhouse  on  December  14  under  con- 
trolled conditions  of  temperature,  with  and  without  electric  illumination 
from  sunset  till  midnight.  With  a  mean  temperature  of  approximately 
72 °  F.  and  a  daily  temperature  seldom  exceeding  in  either  direction  a 
range  from  65 °  to  75  °,  the  soybeans  germinated  December  19  and,  with 
natural  illumination  only,  the  Peking  began  flowering  January  25  and  the 
Biloxi  February  25.  With  the  added  artificial  illumination,  flowering 
was  inhibited.  With  a  mean  temperature  of  approximately  55  °  and  a 
daily  temperature  seldom  exceeding  in  either  direction  a  daily  range 
from  500  to  6o°,  the  soybeans  which  germinated  December  27  had  not 
flowered  March  1  under  either  light  exposure.  In  the  first  case  the 
mean  temperature  (close  to  72  °)  was  somewhat  below  the  mean  tempera- 
ture for  the  month  of  July  at  Washington  (76°.8).  In  the  second  case 
the  mean  temperature  (approximately  55  °)  was  considerably  below  the 
Washington  mean  of  68°  for  the  month  of  September.  It  is  clear  that 
the  lower  temperature  delayed  the  time  of  flowering. 

A  second  phase  of  the  temperature  effect  seems  to  relate  more  directly 
to  internal  conditions  of  nutrition,  especially  affecting,  perhaps,  the 
balance  between  income  and  outgo  of  carbohydrate  because  of  the 
change  in  the  rate  of  respiratory  activity.  In  this  way  the  relation 
between  the  duration  of  the  light  period  and  the  prevailing  temperature 
may  become  of  decisive  importance.  The  requirements  for  successful 
flowering  necessarily  are  more  critical  than  for  vegetative  growth,  since 
the  floral  structures  are  dependent  on  other  parts  of  the  plant  for  their 
supply  of  suitable  forms  of  carbohydrate.  Unfavorable  conditions  of 
balance,  therefore,  either  because  of  reduced  income  or  excessive  outgo 
of  carbohydrate,  may  easily  inhibit  flowering  and  fruiting.  These  con- 
ditions would  not  necessarily  check  development  of  the  green  parts  of 
the  plant,  since  such  structures  tend  to  be  self-supporting  with  respect 
to  carbohydrate  supply.  It  need  only  be  added  that  in  these  consider- 
ations the  form  of  the  carbohydrate  as  well  as  the  quantity  must  be 
taken  into  account. 

It  has  been  demonstrated  that  for  many  species,  probably  the  majority 
of  them,  the  extremely  short  days  of  winter  in  higher  latitudes  will 
inhibit  increase  in  stature,  and  in  many  cases  flowering  and  fruiting  also. 
Largely  as  a  result  of  the  transition  from  the  longer  summer  days  to  the 
shorter  days  of  winter  many  annuals  are  caused  to  die  and  many  peren- 
nials are  forced  into  a  state  of  more  or  less  complete  dormancy.  Hence, 
the  income  from  photosynthesis  is  reduced  to  a  minimum.  It  is  obvious, 
therefore,  that  exposure  to  a  relatively  high  temperature  during  the 
short  days  of  winter  may  easily  prove  disastrous  to  the  plant.  The 
importance  of  exposure  to  cold  during  the  winter  rest  period  has  been 
recently  emphasized  by  Coville  (<5).  Exposure  to  the  forcing  action  of 
high  temperatures  in  winter  is  likely  to  be  especially  unfavorable  to 
reproductive  structures.  It  is  well  known,  also,  that  in  some  way 
exposure  to  cold  may  exercise  a  beneficial  action  on  nonchlorophyllous 
resting  organs,  resulting  eventually  in  renewed  activity.  In  general, 
when  the  dormant  structure  has  entered  upon  the  rest  period  with  the 
necessary  "reserve"  materials  the  initial  processes  of  renewed  activity 
may  be  stimulated  by  favorable  temperature  conditions,  such  as  a  period 
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of  chilling.  The  extent  to  which  these  renewed  activities  may  progress 
after  they  have  been  initiated  in  the  absence  of  a  favorable  light  period, 
however,  is  extremely  variable,  as  was  pointed  out  on  page  907.  There 
seems  to  be  no  question  as  to  the  importance  of  the  relationship  between 
the  action  of  the  seasonal  decrease  in  length  of  day  in  forcing  the  plant 
into  a  state  of  relative  inactivity,  on  the  one  hand,  and  the  effect  of  the 
cold  of  winter  in  promoting  successful  emergence  from  the  rest  period 
by  conserving  and  bringing  into  play  the  stored  energy  of  the  resting 
organ,  on  the  other  hand. 

RANGE  OF  RESPONSE  TO  LENGTH  OF  DAY 

It  is  apparent  that  species  differ  widely  in  their  sensibility  to  change 
in  the  length  of  day  and  in  the  form  of  expression  which  the  response 
may  take.  Cosmos  continues  elongation  of  the  vegetative  stem  under 
any  day  length  in  excess  of  about  13  hours,  while  under  all  day  lengths 
much  below  13  hours  flowering  readily  takes  place.  Mikania  may 
maintain  sterile  vegetative  growth  under  the  extreme  day  length  (in 
excess  of  15  hours)  of  summer  in  high  latitudes.  It  flowers  readily 
under  a  daily  light  period  of  about  14  hours,  while  both  growth  and 
flowering  are  inhibited  by  a  light  period  of  13  hours  or  less.  Goldenrod 
forms  a  flowering  stem  under  any  length  of  day  in  excess  of  approxi- 
mately 8  hours,  but  with  a  shorter  light  period  only  the  leaf -rosette 
type  of  development  is  possible.  Sorrel  (Rumex)  forms  aerial  flowering 
stems  when  exposed  to  the  long  days  of  summer,  but  under  the  short 
days  of  winter  only  the  underground  type  of  stem  is  formed.  Artichoke 
is  unable  to  flower  under  a  light  exposure  of  10  hours  or  less,  but  under 
these  conditions  there  may  be  intense  tuber  formation.  Under  a  10-hour 
day  groundnut  (Apios)  is  unable  to  flower,  there  is  no  elongation  of 
aerial  stems,  the  number  of  new  underground  tubers  is  greatly  reduced, 
and  the  mother  tuber  is  materially  enlarged.  Under  a  longer  day  length 
all  of  these  forms  of  response  in  groundnut  are  reversed.  The  Mandarin 
soybean  flowers  under  the  longest  summer  days  at  Washington,  while 
the  Peking  does  not  begin  flowering  till  the  latter  half  of  July,  the  Tokyo 
about  two  weeks  later,  the  Biloxi  some  three  weeks  later  still,  and, 
finally,  the  Otootan  about  September  15 — all  in  response  to  the  prevailing 
day  length.  In  the  violet  the  extreme  seasonal  range  in  day  length  from 
early  spring  to  midsummer  suffices  only  to  change  the  type  of  blossom 
from  the  blue  petaliferous  to  the  cleistogamous  form.  Finally,  in  buck- 
wheat flowering  occurs  throughout  the  range  of  day  length  from  5  to 
18  hours,  although  under  the  shorter  period  it  behaves  as  an  ephemeral, 
and  under  the  longer  period  it  assumes  the  form  of  a  giant  everbloomer. 

It  may  be  considered  that  there  is  a  wide  range  or  "scale"  of  response 
to  change  in  the  light  period  and  that  the  portion  of  this  scale  covered 
by  the  individual  species  or  variety  is  extremely  variable.  For  example, 
buckwheat  through  all  ranges  in  length  of  day  prevailing  in  the  temperate 
zone  occupies  only  that  portion  of  the  scale  lying  between  the  strictly 
flowering  condition  and  the  sterile,  giant  type  of  development.  The  bean 
referred  to  on  page  893  occupies  the  portion  of  the  scale  represented  in  the 
strictly  sterile  giant  form,  the  flowering  condition,  and  the  phenomenon 
of  tuberization.  No  single  species  has  been  observed  which  manifests  all 
forms  of  response,  but  one  might  perhaps  conceive  of  a  sort  of  composite 
plant,  combining  the  responses  of  several  different  species  and  thus 
covering  the  entire  range.     Beginning  with  one  of  the  extremes  of  this 
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range  of  response,  there  would  be  an  optimal  light  period  for  elongation 
of  the  vegetative  stem  or  increase  in  stature.  Under  this  optimal  light 
period,  which  in  the  first  instance  will  be  assumed  to  correspond  with 
the  longest  days  of  summer,  there  would  be  more  or  less  indefinite  elon- 
gation of  the  primary  axis,  with  no  branching  and  a  minimum  of  foliage 
development  (Cosmos).  Any  departure  from  the  optimal  light  period 
would  check  stem  elongation;  and,  as  a  result,  a  chain  of  responses  would 
come  into  expression  as  the  light  period  became  progressively  less  favor- 
able for  increase  in  stature.  The  first  effect  of  outstanding  importance 
would  be  flowering  and  fruiting;  and,  as  a  result  of  partial  loss  of  domi- 
nance in  the  apical  bud,  branching  might  occur  at  this  stage  (Cosmos). 
The  change  in  the  light  period  may  be  such  as  to  direct  the  plant's 
energies  more  or  less  quantitatively  toward  flowering  and  fruiting,  in 
which  case  senescence  and  death  would  be  the  logical  outcome,  the  plant 
behaving  as  an  annual.  Even  in  this  case,  however,  rejuvenescence  may 
be  effected  under  favorable  conditions  by  a  return  of  the  optimal  light 
period  for  vegetative  growth,  the  plant  thus  escaping  death  (Bidens). 
Between  the  respective  optimal  light  periods  for  stem  growth  and  for 
sexual  reproduction  there  would  be  a  buffer  zone  in  which  combined 
growth  and  flowering  would  occur,  thus  representing  the  everblooming 
condition  (Viola). 

With  a  further  departure  from  the  optimal  light  period  there  would  be 
more  or  less  complete  inhibition  of  stem  elongation,  resulting  in  intense 
tuberization ;  that  is,  stem  elongation  would  be  replaced  by  stem  thicken- 
ing. In  this  case  flowering  would  be  inhibited  (artichoke).  If  a  primary 
axis  had  previously  developed,  there  would  be  a  general  downward 
transfer  of  activity  to  the  ground  level  or  even  beneath  the  soil  surface. 
The  end  result  would  be  the  formation  of  underground  resting  structures, 
as  rhizomes  or  tubers.  Here,  again,  between  the  respective  optimal 
light  periods  for  flowering  and  for  tuberization  there  would  be  an  inter- 
mediate zone  in  which  important  responses  find  expression.  There  may 
be  combined  flowering  and  tuberization  (groundnut).  Aerial  and  under- 
ground types  of  tuberization  are  alternative  forms  of  expression  (cin- 
namon vine) .  Aerial  branching  may  give  way  to  underground  branching 
(sorrel).  The  stemless  leaf  rosette,  with  or  without  tuberization,  is  an 
important  type  of  activity  falling  within  this  zone.  Here  would  be 
placed  the  flowering  herbaceous  perennial  which  flowers  and  fruits  so 
freely  as  to  cause  the  death  of  the  aerial  parts  but  with  sufficient  regenera- 
tive energy  remaining  to  organize  underground  perennating  structures. 
The  final  response  would  be  death  as  a  direct  result  of  starvation  when 
the  light  period  has  become  too  short  to  furnish  sufficient  photosynthetic 
material  to  support  any  form  of  activity.  The  circumstances  of  death 
in  this  case  are  quite  different,  however,  from  those  which  induce  intensive 
fruiting  and  thereby  result  in  the  death  of  the  mother  plant.  It  is  to  be 
understood,  of  course,  that  all  forms  of  expression  are  conditioned  on  the 
existence  of  general  environmental  conditions  falling  within  the  limits  of 
tolerance  of  the  species  in  question. 

The  above-mentioned  series  of  responses  would  result  from  a  progres- 
sive decrease  in  the  duration  of  the  light  period.  Assuming  an  optimal 
light  period  for  stem  elongation  corresponding  to  the  intermediate  day 
length  of  spring  and  fall,  a  somewhat  different  chain  of  events,  not  yet 
fully  determined,  seems  to  result  from  exposure  to  light  periods  of  exces- 
sive length.     Probably,  one  of  the  first  notable  effects  of  a  light  period  in 
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excess  of  the  optimal  for  stem  growth  is  the  laying  down  of  flower  buds. 
It  is  possible,  also,  that  resting  vegetative  buds  of  woody  perennials 
result  from  these  conditions,  although  this  has  not  been  definitely  deter- 
mined. It  has  been  shown  that  bulb  formation  commonly  results  as 
one  of  the  final  effects  of  an  illumination  period  of  excessive  duration. 
No  example  of  death  from  this  cause  has  yet  been  encountered. 

These  outlines  of  the  series  of  responses  initiated  by  graded  departures 
from  the  optimal  light  period  for  stem  growth  are  necessarily  tentative.  All 
responses  are  not  included,  and  it  is  possible  that  the  proper  sequence  of 
those  which  have  been  given  will  ultimately  require  modification  in  some 
instances. 

NATURE  OF  THE  REGULATORY  ACTION  OF  LENGTH  OF  DAY 

Definite  conclusion  as  to  details  of  the  internal  processes  concerned  in 
the  phenomena  of  photoperiodism  is  withheld,  pending  the  completion 
of  fairly  extensive  biochemical  investigations  now  in  progress  in  this 
office.  For  the  present  only  the  more  general  aspects  of  the  problem  as 
brought  to  light  in  the  response  of  the  plants  as  a  whole  will  be  considered. 
These  various  forms  of  response  seem  to  indicate  clearly  that  in  some  way 
the  internal  water  supply,  the  degree  of  hydration,  of  the  living  cell 
content  is  subject  to  very  delicate  regulation  by  change  in  the  ratio  of 
the  number  of  hours  of  light  to  the  number  of  hours  of  darkness  in  the 
daily  period  of  24  hours.  It  will  be  observed  that  there  is  an  optimal 
light-darkness  ratio  for  maximum  rate  of  stem  growth,  and  Chandler  (5)  and 
Reed  (19)  have  shown  that  maximum  growth  is  correlated  with  a  dilute 
cell  sap  or  high  degree  of  turgidity.  In  recent  years  MacDougall  (14) 
has  especially  emphasized  the  significance  of  hydration  in  growth  pheno- 
mena. The  various  responses  of  the  plant  coming  into  expression  as  the 
light  period  becomes  progressively  less  favorable  for  upward  stem  growth 
are  practically  without  exception  those  more  or  less  associated  with 
relatively  xerophytic  conditions.  Tendency  toward  increased  flowering 
and  fruiting,  increased  branching,  pubescence,  abscission,  and  leaf  fall, 
the  general  tendency  toward  stem  shortening,  tuberization,  and  increased 
underground  stem  development  are  phenomena  in  point. 

The  behavior  of  Viola  papilionacea  under  different  light  periods  fur- 
nishes direct  evidence  on  this  subject.  During  the  shortest  days  of 
winter  the  plants  are  in  a  semidormant  condition,  the  young  leaf  buds 
becoming  tuberized  through  loss  of  power  to  elongate  the  leaf  petiole. 
Under  the  intermediate  day  length  of  spring  leaves  with  short  petioles 
and  blue  blossoms  with  relatively  short  stems  make  their  appearance. 
During  the  long  days  of  summer  the  petioles  of  the  leaves  are  greatly 
lengthened.  When  plants  bearing  the  summer  type  of  leaf  are  abruptly 
transferred  to  short-day  conditions  partial  collapse  occurs  within  two 
or  three  days,  obviously  due  to  loss  of  turgidity  in  the  leaf  stem.  In 
due  course,  also,  the  characteristic  spring  type  of  blue  blossoms  reap- 
pears.    This  behavior  is  shown  in  Plate  18,  B. 

Without  at  this  time  raising  the  question  as  to  the  exact  mechanism 
of  the  internal  processes  affected,  it  seems  possible  that  highly  refined 
regulation  of  the  degree  of  hydration  of  the  protoplasm  furnishes  a 
basis  for  the  various  responses  of  the  plant  to  changes  in  the  light  period. 
It  is  believed,  however,  that  this  regulation  is  effected  primarily  through 
direct  action  on  the  internal  mechanism  which  maintains  hydration 
rather  than  by  merely  influencing  external  factors  which  modify  relative 
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gain  and  loss  of  water.  This  implies,  perhaps,  control  of  permeability. 
Proper  distinction  must  be  made,  therefore,  between  regulation  of  the 
external  supply  of  water  and  control  of  the  internal  mechanism  involved 
in  dealing  with  phenomena  of  hydration.  It  seems  probable  that  the 
light  period,  acting  through  control  of  the  internal  mechanism,  is  capable 
of  exercising  a  far  more  refined  regulation  of  the  internal  water  supply 
of  the  plant's  parts  than  is  ordinarily  accomplished  by  change  in  the 
external  supply  of  water.  The  experiments  with  Sagittaria  recorded  on 
page  878  indicate  that  this  is  true.  Growing  this  plant  as  an  aquatic 
at  most  delays  flowering  by  some  10  days  as  against  growth  under 
mesophytic  conditions,  while  appropriate  change  in  the  light  period 
resulted  in  sharp  response.  As  already  pointed  out,  growing  soybeans 
under  semixerophytic  conditions  in  contrast  with  mesophytic  conditions 
was  entirely  without  effect  in  initiating  flowering.  It  may  occasionally 
happen,  perhaps,  that  the  available  external  supply  of  water  will  be 
just  right  to  favor  a  definite  response  such  as  successful  flowering.  It 
seems  likely  also  that  plants  which  are  not  particularly  sensitive  to 
change  in  the  light  period,  including  typical  everbloomers,  such  as  the 
cotton  plant  (Gossypium  spp.),  may  be  more  subject  to  disturbance  of 
the  normal  flowering  and  fruiting  processes  (shedding  of  blossoms  or 
young  fruits,  etc.)  by  such  factors  as  change  in  the  water  supply  or  the 
ratios  between  the  different  elements  of  plant  food  in  the  soil.  In 
addition  to  its  apparent  regulatory  action  on  the  internal  mechanism 
controlling  hydration,  it  is  to  be  expected  that  the  duration  of  the  light 
period  will  tend  to  modify  the  external  evaporative  forces  involved  in 
transpiration.  It  seems  possible  that  this  may  be  a  factor  of  importance 
in  the  action  of  the  long  days  of  summer  in  checking  the  growth  of 
certain  plants,  although  no  definite  evidence  on  the  subject  is  available. 
Regardless  of  its  actual  causative  significance,  there  seems  to  be  no 
doubt  that  hydration  is  subject  to  definite  regulation  by  length  of  day 
and,  hence,  change  in  the  degree  of  hydration  is  definitely  correlated 
with  change  in  form  of  expression  in  the  plant.  Apparently  the  optimal 
light  period  for  apogeotropic  growth  also  is  optimal  for  maximum  hydra- 
tion. Progressive  loss  of  power  to  fully  utilize  carbohydrate  and  other 
nutrient  material  in  accomplishing  increase  in  stature  seems  to  be  corre- 
lated with  progressive  loss  of  capacity  to  maintain  the  transpiration 
stream.  Development  of  sexually  produced  as  well  as  vegetative  repro- 
ductive structures,  tuberization,  and  the  general  phenomena  of  dormancy 
seem  to  follow  as  natural  sequels. 

CONCLUSION 

In  this  paper  considerable  data  are  presented  which  tend  to  demonstrate 
the  importance  of  the  seasonal  range  in  length  of  day  as  a  factor  in 
initiating  and  regulating  sexual  reproduction  in  plants,  thus  confirming 
the  results  of  investigations  reported  in  an  earlier  article.  Experiments 
are  described,  also,  which  bear  on  certain  quantitative  aspects  of  this 
response.  Results  of  fairly  extensive  investigations  on  the  relation 
of  length  of  day  to  the  formation  of  tubers  and  bulbs  are  presented 
in  some  detail.  Observations,  largely  of  a  preliminary  nature,  are 
reported  on  length  of  day  as  a  factor  in  various  other  responses  of  the 
plant,  including  character  and  extent  of  branching,  root  growth,  forma- 
tion of  pigment,  abscission  and  leaf  fall,  dormancy,  and  rejuvenescence. 
Apogeotropic  growth  or  increase  in  stature  as  affected  by  the  daily  light 
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period  is  given  somewhat  detailed  consideration  in  its  apparent  relation 
to  flowering  and  fruiting  and  the  other  responses  mentioned. 

It  appears  that  the  duration  of  the  daily  illumination  period  not  only 
influences  the  quantity  of  photosynthetic  material  formed  but  also  may 
determine  the  use  which  the  plant  can  make  of  this  material.  The 
evidence  available  at  this  time  indicates  that  for  each  species  there  is 
an  optimal  light  period  for  maximum  upward  elongation  of  the  stem  or 
increase  in  height.  For  some  species  this  optimal  light  period  is  fur- 
nished by  the  longest  days  of  summer  in  the  temperate  zone  while  for 
other  species  the  intermediate  length  of  day  of  spring  and  fall  is  optimal. 
In  the  latter  group  of  plants  the  excessive  length  of  day  of  midsummer 
probably  initiates  flowering,  and  in  the  case  of  some  woody  perennials 
the  formation  of  resting  vegetative  buds.  Certain  species,  moreover,  are 
caused  to  die  back,  form  bulbs,  and  enter  into  a  midsummer  rest  period. 

In  the  first-named  group  of  species  progressive  shortening  of  the 
daily  light  period  initiates  a  series  of  responses,  including  flowering  and 
fruiting,  tuberization,  character  and  extent  of  branching,  dormancy, 
all  of  which  are  prominent  features  in  annual  periodicity.  Reducing 
the  light  period  below  the  optimal  for  stem  elongation  by  a  certain 
definite  decrement  tends  to  divert  the  plant's  activities  more  or  less 
quantitatively  toward  sexual  reproduction.  There  seems  to  be  an  opti- 
mal light  period,  therefore,  for  flowering  and  fruiting.  Exposure  to 
this  optimal  light  period  commonly  induces  rapid  senescence  and  death, 
as  typified  in  annuals,  probably  as  a  result  of  the  intense  flowering 
and  fruiting.  With  day  lengths  ranging  between  the  optimal  for  growth 
and  the  optimal  for  sexual  reproduction  the  tendency  toward  division 
of  the  plant 's  energies  between  these  two  types  of  activity  is  manifested 
in  the  everblooming  or  everbearing  condition,  shifting  of  the  quantitative 
relationship  between  relative  vegetative  and  reproductive  activity, 
change  in  the  size  of  the  individual  fruit  or  seed,  delayed  and  sparse 
flowering  and  fruiting,  cleistogamy,  and  other  abnormalities.  Moreover, 
in  the  natural  seasonal  change  in  length  of  day  there  is  considerable 
difference  between  the  effects  of  the  change  away  from  the  vegetative 
optimum  toward  the  flowering  and  fruiting  optimum  and  those  result- 
ing from  the  change  in  the  opposite  direction.  Data  of  interest  have 
been  presented,  also,  on  the  time  required  for  imparting  the  stimulus 
or  condition  for  flowering  by  appropriate  change  in  the  light  period. 

Further  reduction  of  the  light  period  by  a  sufficient  decrement  below 
the  optimal  for  sexual  reproduction  tends  to  induce  intense  tuberiza- 
tion, a  feature  marking  the  final  stages  in  reduction  of  stem  elongation. 
There  is  a  more  or  less  clearly  defined  optimum  for  tuberization.  Here, 
again,  with  a  light  period  ranging  between  the  optimal  for  tuberization 
and  the  optimal  for  flowering  there  is  a  tendency  toward  division  of  the 
energies  of  the  plant  between  these  two  features  of  development. 
Under  these  conditions  sexual  reproduction  and  tuberization  may  pro- 
ceed simultaneously,  a  division  of  activity  which  is  commonly  seen  in 
herbaceous  perennials.  Tuberization  as  a  result  of  decrease  in  the  daily 
light  period  involving  deposition  of  carbohydrate  in  relatively  con- 
densed or  dehydrated  forms  indicates  marked  loss  of  power  to  utilize 
the  product  of  photosynthesis  in  elongating  the  stem  or  in  developing 
flower  and  fruit.  It  is  most  typically  associated  with  the  stemless  or 
rosette  form  of  foliage  development,  representing,  perhaps,  maximum 
divergence  between  income  and  effective  utilization  of  the  photosyn- 
t  hetic  product  for  promotion  of  growth. 
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One  of  the  characteristic  effects  of  change  in  the  light  period  from 
optimum  to  suboptimum  for  stem  elongation  is  to  promote  branching. 
Thus,  the  apical  bud  loses  its  dominance  and  lateral  buds  become  ac- 
tive. As  stages  in  the  response  to  progressive  departure  of  the  light 
period  away  from  the  optimum  for  elongation  of  the  axis  may  be  noted 
increased  branching  at  the  top,  middle,  or  base  of  the  aerial  portion  of 
the  axis;  various  degrees  in  erectness  of  the  resulting  branches;  change 
from  aerial  to  underground  type  of  stem  and  change  downward  in  direc- 
tion of  growth  of  these  underground  stems. 

The  decreasing  length  of  day  of  fall  is  an  important  factor  in  causing 
perennials  to  enter  upon  the  winter  period  of  dormancy.  Abscission 
and  leaf  fall,  also,  appear  to  be  induced  by  this  shortening  of  the  light 
period.  Abrupt  and  sufficiently  pronounced  change  from  long-day  to 
short-day  conditions,  however,  tends  to  cause  deciduous  woody  peren- 
nials to  behave  like  evergreens  in  retaining  the  foliage  leaves,  and  this 
tendency  also  is  discernible  even  in  certain  typical  annuals.  Further- 
more, the  light  period,  through  quantitative  features  of  its  action  on 
the  formation  of  vegetative  resting  and  reproductive  structures,  may 
affect  to  some  extent  the  conditions  of  emergence  from  dormancy. 

During  the  winter  months  the  relation  between  the  length  of  the 
daily  light  period  and  the  temperature  becomes  especially  important. 
Because  of  the  short  days  prevailing  in  this  period  the  income  of  the 
plant  through  photosynthesis  is  reduced  to  the  minimum  and  growth 
conditions  are  otherwise  unfavorable,  so  that  high  temperatures  are 
likely  to  establish  an  unfavorable  ratio  of  income  to  outgo  and  thus 
may  easily  prove  disastrous  to  the  plant. 

It  seems  probable  that  the  annual  cycle  of  length  of  day,  affording 
as  it  does  the  only  consistently  rhythmic  feature  of  the  external  en- 
vironment, is  a  dominant  causal  factor  in  phenomena  of  plant  periodicity 
which  have  been  regarded  by  many  as  explainable  only  on  the  basis  of 
an  "internal  rhythm."  This  view  is  strengthened  by  the  fact  that 
definite  periodicity  in  plant  development  is  observable  under  various 
climatic  conditions,  from  the  equatorial  regions  to  the  poles,  while  the 
only  consistently  rhythmic  factor  of  the  environment  applicable  through- 
out this  range  is  the  length  of  day.  In  arriving  at  a  correct  estimate  of 
the  significance  of  the  annual  cycle  in  length  of  day  in  regulating  periodic 
plant  responses  it  must  be  understood  that  full  expression  of  periodicity 
is  conditioned  on  the  specific  requirements  of  the  particular  plants  in 
question  as  to  temperature  and  other  environmental  factors.  The 
internal  mechanism  concerned  in  the  marked  regulatory  action  of  the 
length  of  day  on  plant  growth  has  not  been  fully  determined,  but  there 
is  strong  evidence  that  in  some  way  the  degree  of  hydration  of  the 
living  cell  content  is  brought  under  very  delicate  control  by  the  ratio 
of  the  number  of  hours  of  sunlight  to  the  number  of  hours  of  darkness 
in  the  24-hour  period. 
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PLATE  i 
Poinsettia : 


The  individuals  in  center  and  at  right  are  the  same  plants  that  are  shown  in  earlier 
stages  in  Plate  19,  A.  Early  in  September  the  plant  shown  at  left  in  Plate  19,  A,  was 
transferred  to  the  greenhouse,  where  it  received  electric  illumination  from  sunset  till 
midnight  in  addition  to  the  natural  daylight.  In  response  to  the  lengthened  daily  light 
period,  the  high-colored  bracts  soon  began  to  assume  a  green  color,  particularly  in 
transmitted  light.  Some  of  the  bracts  lost  the  original  red  color  more  or  less  com- 
pletely. Finally,  a  new  shoot  appeared  at  the  apex  of  the  flowering  stem.  In  the 
early  stages  of  development  this  shoot  was  of  the  weak,  pendent  type  and  the  bark  of 
the  stem  was  red.  Subsequent  development  of  this  stem  is  shown  in  Plate  19,  B.  The 
plant  at  right,  maintained  under  long-day  conditions  throughout  the  test,  continued 
to  develop  a  vegetative  stem.  The  plant  at  left  received  the  same  treatment  as  the 
individual  in  center,  except  that  the  electric  illumination  from  sunset  till  midnight 
was  omitted.  Nothing  remains  of  the  inflorescence  except  the  naked  stem.  Painted 
from  a  photograph  made  January  9. 
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PLATE  2 

A. — Helianthus  angustifolius  L.  Plants  at  right  were  exposed  to  the  full  daylight 
period,  supplemented  with  electric  light  from  sunset  till  midnight,  throughout  the 
test,  which  began  January  27.  Plants  at  left  were  similarly  treated  till  September  2, 
when  they  were  given  a  10-hour  daily  light  exposure.  First  blossoms  appeared  on 
these  plants  October  4.  It  is  seen  that  the  short-day  conditions  induced  very  free 
flowering  and  the  response  was  prompt.     Photographed  October  15. 

B. — Morning-glory  (Ipomoea  hederacca  Jacq.).  Plants  from  seed  which  germinated 
June  11.  The  first  blossom  on  plant  at  left,  exposed  to  a  10-hour  day  from  the  outset, 
was  open  July  10.  The  first  open  blossom  on  plant  at  right,  exposed  to  the  natural 
length  of  day,  appeared  September  9.     Photographed  July  13. 


PLATE  3 

A. — Scarlet  Globe  radish  plants,  from  seeds  which  germinated  May  19.  These 
plants  were  prevented  from  flowering  by  exposure  to  a  day  length  of  only  seven  hours 
till  October  20,  when  they  were  transferred  to  the  greenhouse  and  allowed  to  receive 
the  full  natural  period  of  daily  illumination  during  the  months  of  November,  December 
and  January.  By  February  1,  one  of  the  plants  showed  evidence  of  elongating  a 
flowering  stem  in  response  to  the  increasing  length  of  day,  and  the  daily  light  period 
was  again  shortened  to  seven  hours .  Elongation  of  the  stem  was  soon  slowed  down .  It  is 
seen  from  the  photograph  that  branching  is  confined  chiefly  to  the  upper  portion  of  the 
stem.     The  first  blossom  appeared  March  20.     Photographed  April  17. 

B. — Final  stages  of  development  of  the  radish  plant  shown  in  A,  at  right.  It  is  seen 
that  the  type  of  development  has  been  markedly  changed  by  continued  exposure  to 
seven  hours  of  light  daily.  Progressive  weakening  in  power  to  elongate  the  primary 
axis  is  accompanied  by  increased  transfer  of  activity  to  the  lower  branches.  Thus, 
the  effect  is  to  change  the  general  contour  of  the  plant  to  conform  more  nearly  with 
that  of  many  woody  perennials.  It  will  be  observed  that  the  weak,  pendent  stems 
which  eventually  appeared,  grew  to  unusual  lengths.  These  are  typical  effectsof  alight 
period  which  is  markedly  suboptimal  for  increase  in  stature.     Photographed  June  2. 
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PLATE  4 

A. — Apple  seedlings.  Plants  at  right  were  exposed  to  10  hours  of  light  daily  during 
the  summer  months;  those  on  left  received  the  full  daylight  exposure  of  summer.  It  is 
apparent  that  growth  is  more  rapid  and  vigorous  with  only  10  hours  of  light  daily  than 
with  the  14  to  15  hours  of  daylight  of  summer  in  the  latitude  of  Washington.  This 
would  indicate  a  tendency  toward  an  increased  rate  of  growth  with  decrease  in  latitude. 

B. — Seedlings  of  Acer  negundo.  Beginning  May  2,  the  plants  at  left  were  exposed 
to  a  10-hour  day  while  the  plants  at  right  were  exposed  to  the  full  day  length  of  summer. 
It  is  obvious  that  in  contrast  with  the  apple  this  species  grows  vigorously  under  long- 
day  conditions  and  could  not  flourish  under  the  length  of  day  prevailing  at  Washington 
during  the  winter  months.     Photographed  September  22. 
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PLATE  5 

A. — Grafts  of  the  Baldwin  apple,  transplanted  May  2  and  exposed  to  12  hours  of 
light  daily,  beginning  May  17.  Plant  at  left  is  a  standard  Baldwin  while  plant  at 
right  is  a  Baldwin  graft  on  dwarf  (Paradise)  stock.  The  trees  in  this  series  grew 
vigorously  throughout  the  summer.  Only  one  individual  of  the  control  series  exposed 
to  the  full  length  of  day  survived  the  transplanting.  This  individual  grew  very  slowly 
till  August,  but  thereafter  there  was  a  marked  increase  in  rate  of  growth.  Photo- 
graphed September  28. 

B. — Goldenrod  (Solidago  juncea).  Plant  at  left  exposed  to  electric  illumination 
during  the  winter  months  from  sunset  till  midnight,  in  addition  to  the  natural  day- 
light. Plants  at  center  and  at  right  exposed  to  natural  daylight  only.  As  indications 
of  initial  formation  of  flowering  stems  induced  by  the  increasing  length  of  day  became 
apparent  on  March  10,  these  plants  thereafter  were  allowed  to  receive  only  j}4  hours  of 
light  daily.  Stem  elongation  was  quickly  checked  and  only  the  leaf-rosette  type  of 
activity  was  continued. 
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PLATE  6 

A. — Scarlet  Runner  bean  (Phaseolus  multiflorus).  The  plants  in  this  series  were 
exposed  to  the  full  length  of  day  during  the  summer  and  on  October  15  were  trans- 
ferred to  the  greenhouse  where  they  received  electric  illumination  from  sunset  till 
midnight,  in  addition  to  the  natural  daylight.  Under  these  conditions  there  was  no 
tuberization  of  stem  or  roots.     Photographed  January  18. 

B. — Scarlet  Runner  bean  plants  which  were  exposed  to  a  10-hour  day  till  October 
15,  when  they  were  transferred  to  the  greenhouse  and  allowed  to  receive  the  full 
natural  daylight  period  of  late  fall  and  early  winter.  Under  these  short-day  conditions 
there  was  marked  tuberization  of  the  roots  while  the  growth  of  vines  was  considerably 
less  than  under  the  long-day  conditions.     Photographed  January  18. 


PLATE  7 

A. — Tubers  of  Jerusalem  artichoke.  The  mother  plants  were  grown  from  tubers 
which  germinated  April  25  and  were  exposed  to  a  10-hour  day  from  the  outset.  Al- 
though flower  buds  were  formed,  they  were  unable  to  open.  By  August  15  the  tops 
of  the  plants  were  dead.  Tuberization  of  the  underground  stems  was  complete, 
that  is,  there  was  no  elongation  of  unthickened  stems.  Note  the  numerous  unusually 
prominent  buds  on  the  tubers.  Apparently  the  downward  translocation  of  nutrient 
materials  was  so  marked  as  to  cut  off  the  requisite  food  supply  of  the  flower  buds. 
Photographed  October  1. 

B. — Tubers  from  control  planting  of  artichoke  exposed  to  the  full  seasonal  length 
of  day.  These  plants  began  flowering  September  22  and  were  in  full  bloom  October  1. 
The  difference  in  tuber  formation  between  these  plants  and  those  under  a  10-hour 
day  is  striking.  It  is  readily  seen  that  under  the  longer  daily  light  period  there  was 
marked  elongation  of  the  underground  stems  and  only  partial  tuberization.  The 
number  of  new  units  formed  was  greater  than  under  the  10-hour  day,  but  they  were 
much  smaller  in  size  and  showed  only  inconspicuous  buds.  In  this  case  the  activities 
of  the  plant  approach  more  nearly  an  even  distribution  between  sexual  reproduc- 
tion and  tuber  formation.     Photographed  October  1. 
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PLATE  8 

A. — Underground  portion  of  Irish  potato  plant  of  the  McCormick  variety.  This 
plant  was  grown  in  the  greenhouse  during  the  summer  months  and  received  electric 
illumination  from  sunset  till  midnight  in  addition  to  the  natural  daylight.  No  tubers 
were  formed,  and  while  flower  buds  appeared  they  were  unable  to  open.  Instead  of 
becoming  tuberized  some  of  the  buds  borne  on  the  underground  stems  at  once  ger- 
minated and  formed  offsets,  thus  eliminating  the  usual  rest  period.  The  aerial 
stems  of  the  mother  plant  reached  unusual  heights.  As  the  length  of  day  was  pro- 
gressively reduced  there  was  corresponding  increase  in  tuber  formation  (see  text, 
page  891). 

B. — Plants  of  table  beet,  roots  of  which  had  been  stored  in  an  outdoor  pit  during 
the  previous  winter.  Plants  at  left  were  exposed  to  the  full  seasonal  length  of  day, 
beginning  April  1,  and  began  flowering  in  June.  Plants  at  right,  exposed  to  a  10-hour 
day  began  the  development  of  flowering  stems  but  were  unable  to  flower,  the  apex 
of  the  stem  being  transformed  into  a  leaf  rosette.  The  branches  and  leaves  are  more 
numerous  than  under  the  longer  day.     Photographed  June  14. 


PLATE  9 

A. — Silverskin  onion  plants  from  sets  which  were  planted  May  19.  Plant  at  extreme 
right  is  representative  of  a  series  exposed  to  the  full  seasonal  length  of  day  in  the  open 
air.  These  plants  flowered  in  July,  formed  bulbs,  and  passed  through  the  usual 
summer  rest  period  after  the  tops  had  died  down.  In  the  series  represented  by  the 
second  plant  from  the  right,  which  were  exposed  to  a  13-hour  day,  the  growth  of  tops 
was  much  greater  while  the  bulb  was  delayed  in  forming  and  was  reduced  in  size. 
The  plant  in  center  is  representative  of  those  exposed  to  a  10-hour  day.  In  this  case 
there  is  no  summer  rest  period  and  no  bulb  is  formed,  the  tops  remaining  green  indefi- 
nitely. The  individual  at  extreme  left  shows  the  behavior  of  plants  grown  under 
the  natural  length  of  day  in  the  greenhouse,  where  the  temperature  was  considerably 
higher  than  out  of  doors.  The  behavior  was  the  same  as  that  of  the  controls  in  the 
open  except  that  the  size  attained  was  materially  reduced.  With  the  addition  of 
electric  illumination  from  sunset  till  midnight  in  the  greenhouse  only  a  slight  atten- 
uating effect  was  observed,  as  shown  by  the  second  plant  from  the  left.  Photographed 
July  28.     (Compare  PI.  18,  A.) 

B. — Biloxi  soybeans,  showing  partial  tuberization  of  the  stems  in  the  vicinity  of 
the  nodes  which  results  from  exposure  to  a  length  of  day  which  is  too  short  to  admit 
of  free  flowering  and  fruiting.  Under  these  conditions  flower  and  fruit  are  unable 
to  fully  utilize  nutritive  material  reaching  them,  and  these  materials  are  deposited 
in  the  surrounding  tissues  in  the  more  condensed  form  characteristic  of  tuberized 
structures. 
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PLATE   10 

A. — Yam  (Dioscorea  alata)  from  the  tropics.^  Tubers  at  right  are  from  plants  grown 
under  a  12-hour  day,  beginning  May  14,  while'tlie  tubers  at  left  are  from  control  plants 
exposed  to  the  full  seasonal  length  of  day.  The  equatorial  length  of  day  favors  intense 
tuberization,  while  the  long  summer  days  of  high  latitudes  causes  marked  develop- 
ment of  fibrous  roots,  with  very  limited  tuberization.  The  basal  flattening  of  one  of 
the  large  tubers  is  the  result  of  "spreading"  over  the  floor  of  the  container  in  which 
the  plants  were  grown,  suggesting  a  sort  of  gravitational  settling  somewhat  like  that, 
for  example,  of  fresh  putty.  This  seems  to  represent  a  rather  extreme  case  of  loss  of 
capacity  for  apogeotropic  functioning.     Photographed  October  7. 

B. — Wild  lettuce  {Lactuca  spicata).  Plants  at  left,  exposed  to  a  10-hour  day  begin- 
ning March  29,  produced  much  larger,  coarser  leaves  than  the  control  plants  (at  right) 
exposed  to  the  full  summer  length  of  day.  Under  the  short-day  exposure  both  leaf 
and  stem  were  far  more  hairy  than  under  the  long-day  conditions.  The  stature  was 
greatly  reduced,  but  the  time  of  flowering  was  not  affected. 


PLATE  ii 

A. — Honey  sorghum,  grown  in  greenhouse  and  exposed  to  electric  illumination 
from  sunset  till  midnight  during  the  summer  and  fall  months.  Under  these  con- 
ditions branching  was  confined  mostly  to  the  top  of  the  plant.  This  type  of  branch- 
ing resembles  that  seen  in  Cosmos  at  time  of  flowering  and  represents  an  advance 
toward  the  sterile,  nonbranching  type  of  stem,  as  compared  with  basal  branching 
under  a  shorter  length  of  day.     Photographed  November  4. 

B. — Control  planting  or  sorghum  exposed  to  natural  illumination  only  In  this  case 
there  is  extensive  branching  at  the  base,  the  new  shoots  developing  rapidly  and 
flowering  freely. 
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PLATE  12 

A. — Oenothera  biennis.  Plants  at  left  were  exposed  to  the  full  daylight  period  of 
the  spring  months.  The  individual  at  right  received  only  10  hours  of  illumination, 
beginning  March  19.  It  is  seen  that  the  short-day  conditions  caused  a  decided  weaken- 
ing in  power  to  elongate  the  primary  axis,  resulting  in  development  of  numerous  basal 
shoots.  In  this  case  dominance  of  the  apical  bud  is  lost,  a  characteristic  response 
to  a  suboptimal  light  period  for  elongation  of  the  stem.     Photographed  June  21. 

B. — Sorrel  (Rumex  acetosella).  Plants  at  left  received  electric  illumination  from 
sunset  till  midnight,  in  addition  to  natural  daylight  in  the  greenhouse,  during  the 
winter  months.  These  plants  developed  numerous  aerial  flowering  stems  and  in 
general  showed  the  typical  summer  behavior  of  this  species.  The  plants  at  right, 
which  received  only  natural  illumination,  were  unable  to  develop  aerial  stems  but 
formed  thick  rosettes  of  leaves.  In  reality,  however,  these  latter  plants  were  more 
active  than  appearances  indicate,  for  a  very  large  number  of  underground  stems  were 
developed.  This  behavior  of  sorrel  furnishes  further  demonstration  of  the  fact  that 
the  position,  character,  and  extent  of  branching  are  subject  to  regulation  by  the  length 
of  day.  The  leaf -rosette  form  of  activity  during  the  fall,  winter,  and  early  spring 
is  typical  of  many  plants.     Photographed  March  25. 


PLATE  13 

A. — Sumac  (Rhus  glabra).  These  trees  were  transplanted  in  April  and  remained 
out  of  doors  till  September  8,  when  they  were  transferred  to  the  greenhouse.  They 
received  the  full  seasonal  length  of  day  throughout  the  test.  The  leaves  were  shed 
at  about  the  usual  time,  and  the  plants  remained  dormant  till  spring.  Photographed 
January  11. 

B. — Sumac,  treated  in  all  respects  like  the  trees  in  A  except  that  when  transferred 
to  the  greenhouse  in  September  the  trees  received  electric  illumination  from  sunset 
till  midnight.  The  leaves  were  retained  through  the  winter,  and,  while  growth  of 
the  original  stems  was  checked,  a  number  of  new  shoots  appeared  from  the  roots 
about  January  1.     Photographed  January  11. 
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PLATE  14 

A. — Tulip  tree  (Liriodendron  tulipifera),  transplanted  in  April  and  placed  out  of 
doors.  On  September  8  the  tree  was  transferred  to  the  greenhouse.  There  was  the 
usual  loss  of  leaves  by  abscission,  followed  by  dormancy  which  continued  through 
the  winter.     Photographed  November  18. 

B. — Tulip  trees,  treated  in  all  particulars  like  the  individual  shown  in  A  except 
that  after  transfer  to  the  greenhouse  the  trees  received  electric  illumination  from 
sunset  till  midnight,  in  addition  to  the  natural  daylight.  Under  these  conditions, 
the  rest  period  was  eliminated.  Growth  was  promptly  renewed  and  continued 
throughout  the  winter.  A  characteristic  feature  was  failure  to  form  the  absciss  layer 
when  old  leaves  died  here  and  there  on  the  trees.  These  dead  leaves  remained  firmly 
attached  to  the  stem,  in  marked  contrast  with  the  usual  behavior  of  this  species. 
Photographed  November  18. 


PLATE  15 

A.— Kudzu  (Pueraria  hirsuta  (Thunb.)  Scheid.).  Seedling  which  was  exposed 
to  a  10-hour  day  during  the  summer  months.  Under  these  conditions  there  was 
little  top  growth  but  the  basal  portion  of  the  stem  was  moderately  tuberized.  The 
plant  was  transferred  to  the  greenhouse  September  15,  where  it  gradually  passed 
into  a  condition  of  dormancy  which  seemed  to  be  fully  reached  by  December  1. 
The  rest  period,  however,  was  short  and  by  January  11  new  shoots  appeared.  These 
shoots  grew  vigorously,  although  the  leaves  were  of  a  darker  green  than  is  usual  under 
a  longer  daily  light  period.     Photographed  February  19. 

B.— Control  seedling  of  Kudzu  treated  in  all  respects  like  the  plant  shown  in  A, 
except  that  it  was  exposed  to  the  full  seasonal  length  of  day  during  the  test.  In 
the  greenhouse  the  plant  finally  lost  all  leaves  and  became  dormant  like  the  plant 
in  A.  Emergence  from  dormancy  was  delayed  as  compared  with  plant  in  A,  and 
new  shoots  did  not  appear  till  February  16.     Photographed  February  19. 
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PLATE  16 

A. — Bidens  frondosa.  Seedling  planted  in  greenhouse;  germinated  December  23. 
Beginning  January  30,  when  flowering  had  begun,  the  plant  received  electric  illumi- 
nation from  sunset  till  midnight,  in  addition  to  the  natural  daylight.  The  total 
original  growth  of  the  plant  attained  under  natural  illumination,  including  ripened 
fruits,  is  seen  in  front  of  the  cardboard.  As  is  shown,  this  original  stem  growth  died, 
but  new  shoots  appeared,  and  these  reached  giant  proportions  under  the  influence  of 
the  long  daily  illumination  period.  Thus,  rejuvenescence  was  effected  by  use  of  a 
favorable  light  period.  This  plant  may  be  regarded  as  embodying  two  different 
types  of  development  at  different  periods  in  response  to  change  in  the  duration  of  the 
daily  light  period.     Photographed  June  21. 

B. — Cosmos.  The  branch  at  right  flowered  promptly  in  response  to  the  short  winter 
day  to  which  it  was  exposed,  and  the  usual  evidences  of  advancing  senility  followed 
in  due  course.  The  branch  at  left  of  screen  remained  sterile  and  continued  to  grow 
in  response  to  the  added  electric  illumination  from  sunset  till  midnight.  The  domi- 
nant influence  of  this  branch  over  the  flowering  branch  in  its  effect  on  basal  portions 
of  the  plant  is  evident.  In  this  instance  two  different  types  of  development  take 
place  simultaneously  on  the  same  plant  in  response  to  difference  in  the  light  period 
(compare  with  A).     Photographed  March  25. 


PLATE  17 

A. — Stems  of  Cosmos,  grown  in  winter  in  greenhouse.  Electric  illumination  was 
used  from  sunset  till  midnight  as  a  supplement  to  the  natural  daylight.  Sections  of 
stems  in  center  and  at  right  show  the  effects  of  cutting  back  in  causing  local  swelling 
of  the  nodes,  followed  by  development  of  new  branches.  This  behavior  indicates  a 
strong  upward  flow  of  sap  from  below,  resulting  from  exposure  to  a  length  of  day  fav- 
orable to  elongation  of  the  vegetative  stem.  This  behavior  is  not  observed  when  the 
plant  is  exposed  to  short-day  conditions.  The  section  of  stem  at  left  illustrates  the 
condition  of  the  nodes  at  the  time  cutting  back  was  done. 

B. — Hibiscus  moscheutos.  Seedlings  of  previous  summer's  growth  which  remained 
out  of  doors  during  the  winter.  Beginning  March  27,  the  two  plants  at  left  were 
given  a  10-hour  day  while  the  control  plants  at  right  continued  to  receive  the  full 
seasonal  length  of  day.  Under  the  10-hour  day  small,  weak  basal  shoots  finally  ap- 
peared in  May,  as  seen  in  front  of  the  cardboard.  These  shoots  were  unable  to  grow 
and  soon  perished.  New  shoots  appeared  on  the  controls  early  in  April,  and  these 
continued  to  develop  normally.     Photographed  June  21. 
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PLATE  18 

A. — Silverskin  onions,  grown  with  different  conditions  of  light  intensity  and  with 
differences  in  the  length  of  the  daily  light  period.  The  plants  at  left  were  exposed 
to  full  intensity  of  the  sunlight  for  the  entire  day.  Plants  at  right  were  exposed  to 
sunlight  for  the  entire  day,  but  the  intensity  of  the  light  was  reduced  to  a  third  of 
the  normal  by  means  of  a  cheesecloth  shade.  The  plants  in  the  center  were  exposed 
to  the  full  intensity  of  the  sunlight,  but  the  duration  of  the  daily  period  of  illumina- 
tion was  reduced  to  10  hours  (5.30  a.  m.  to  3.30  p.  m.).  It  is  easily  seen  that  the 
strong  reduction  in  intensity  of  the  light  has  had  but  little  effect  on  bulb  formation 
and  entrance  into  the  summer  rest  period.  Shortening  the  length  of  day  by  less  than 
a  third  (and  thus  reducing  the  total  radiant  energy  of  the  sunlight  received  by  a  far 
less  proportion),  however,  has  effectively  prevented  the  formation  of  bulbs  and  the 
appearance  of  the  summer  rest  period. 

B. — Violet.  Plant  at  left  in  flower  shows  the  characteristic  behavior  under  the 
relatively  short  days  of  spring  and  fall.  The  plants  in  the  center  and  at  the  right 
were  exposed  to  electric  light  from  sunset  till  midnight  as  a  supplement  to  winter 
daylight.  Beginning  January  30,  however,  the  daily  light  period  of  the  center  plant 
was  reduced  to  7^  hours.  In  a  few  days  there  was  partial  loss  of  turgidity  in  the  leaf 
Stems,  resulting  in  the  prostrate  condition  to  be  noted  in  the  photograph.  Subse- 
quently the  characteristic  blue  blossoms  of  spring  appeared  in  this  plant.  This  ex- 
periment seems  to  suggest  that  permeability  of  the  plasmic  membrane  or  the  degree 
of  dydration  of  the  protoplasm  is  affected  by  the  length  of  day.  This  prostrate  type 
of  development  is  a  characteristic  feature  in  the  development  of  many  plants  under 
short-day  conditions.     Photographed  April  17. 


PLATE  19 
Poinsettia: 

A. — Beginning  July  9,  the  plant  at  left  was  exposed  to  a  10-hour  day.  Before  the 
close  of  August  this  plant  had  flowered  and  was  richly  colored.  The  control  plant  at 
right,  exposed  to  the  seasonal  length  of  day,  of  course,  did  not  flower  till  early  winter. 
This  experiment  is  of  interest  in  showing  that  the  green  chlorophyll  pigments  of  the 
leaf  may  give  way  to  other  pigments  with  appropriate  change  in  the  light  period. 
Photograph  made  September  13. 

B. — In  the  plant  at  right  can  be  seen  the  completed  rejuvenescence  effected  in 
the  weak,  pendent  shoot  which  appeared  at  the  tip  of  the  stem  bearing  an  inflores- 
cence, as  shown  in  Plate  1.  This  rejuvenescence  was  accomplished  by  exposure  to 
a  daily  illumination  of  about  18  hours,  after  flowering  had  been  induced  by  exposure 
to  a  10-hour  day  as  shown  in  Plate  19,  A.  The  U-shaped  portion  of  the  woody  stem 
resulted  from  the  pendent  position  of  the  new  shoot  as  it  first  appeared.  The  short 
horizontal  section  of  stem  is  that  on  which  the  inflorescence  was  borne.  Plant  at 
left  illustrates  the  tall,  spirelike  development  of  the  stem,  absence  of  branching,  and 
progressive  loss  of  lower  leaves  which  yield  their  plastic  nutrient  materials  to  the  upper 
plant  parts,  all  of  which  are  typical  features  of  the  response  to  a  long  day.  Photo- 
graphed July  13. 
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AGAMERMIS  DECAUDATA  COBB,  STEINER,  AND  CHRIS- 
TIE; A  NEMA  PARASITE  OF  GRASSHOPPERS  AND 
OTHER  INSECTS.1 

By  N.  A.  Cobb,  Agricultural  Technologist  in  Charge;  G.  STEINER,  Nematologist  and 
Technologist,  and  J.  R.  Christie,  Assistant  Nematalogist,  Office  of  Agricultural  Tech- 
nology, Bureau  of  Plant  Industry,  United  States  Department  of  Agriculture 

INTRODUCTION 

This  is  a  preliminary  account  of  a  joint  investigation  carried  on  at 
Washington,  D.  C,  and  Falls  Church,  Va.,  and  relates  to  a  nema  A  gamer- 
mis  decaudata,  parasitic  in  insects,  particularly  in  Orthoptera.  The  work  at 
Falls  Church  is  carried  on  with  the  cooperation  of  the  Bureau  of  Ento- 
mology at  its  eastern  field  station,  and  all  the  insects  examined  have  been 
determined  by  officers  of  that  bureau.  Other  valuable  assistance  has 
been  rendered  by  approximately  150  American  zoologists  and  entomolo- 
gists, whose  aid  has  made  possible  a  first  tentative  map  of  distribution 
of  the  parasite  in  the  United  States. 

The  general  oversight  of  the  work  has  been  handled  by  the  senior 
author,  who  has  given  special  attention  also  to  methods  and  apparatus, 
and  to  the  structure  and  behavior  of  the  free-living  larva.  Dr.  Steiner 
gave  special  attention  to  the  structure  and  taxonomy  of  the  parasitic 
and  post-parasitic  stages.  He  has  also  handled  nearly  entirely  the  diffi- 
cult matter  of  the  literature  and  nomenclature.  Prof.  Christie  has  given 
special  attention  to  field  and  laboratory  work  connected  with  the  hosts 
and  their  habits,  the  effect  on  the  host,  the  habits  and  distribution  of 
the  post-parasitic  forms  in  the  soil  under  natural  conditions,  and  to  the 
rearing  of  both  host  and  parasite. 

In  the  present  account  it  is  not  proposed  to  do  more  than  sketch  some 
of  the  main  features  of  the  work,  which  has  involved  thousands  of  dissec- 
tions, hundreds  of  carefully  executed  laboratory  and  rearing  experiments, 
and  the  invention  and  trial  of  dozens  of  different  pieces  of  special  appara- 
tus adapted  to  various  features  of  the  work. 

A  broad  numerical  basis  has  been  given  the  facts  disclosed,  since  the 
work  has  for  its  definite  object  the  economic  application  of  the  data 
secured.  The  summary  presents  two  aspects,  the  latter  of  which  is  sub- 
divided :  First,  the  results  show  positively  that,  in  certain  cases  believed 
to  be  typical,  the  nema  Agamermis  decaudata,  is  an  important  factor  in 
the  birth  rate  of  certain  injurious  insects;  second,  the  application  of  this 
fact  may  be  exploited  in  two  ways,  (a)  by  colonization — that  is,  moving 
the  parasite  from  places  where  it  exists  to  places  where  it  does  not  exist, 
or  is  rare;  the  experiments  show  that  this  can  be  done,  either  by  trans- 
ferring diseased  insects,  such  as  grasshoppers,  or  by  transferring  the  para- 
site itself  in  one  form  or  another;  (b)  by  forecast — since  methods  of  de- 
tecting the  parasite  have  been  developed  to  a  point  where  it  is  believed 
possible  to  hazard  some  form  of  prediction.  Just  as,  if  we  can  not  con- 
trol the  weather,  it  is  at  least  important  to  be  able  to  predict  it,  so,  if 
we  can  not  prevent  the  ravages  of  an  insect,  it  is  at  least  important  to 
be  able  to  predict  when  the  ravages  are  likely  to  occur.  In  this  respect 
the  results  of  the  investigations  are  considered  positive. 

1  Accepted  for  publication  Mar.  7,  19^. 
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SOURCES  AND  DETERMINATION  OF  THE  NEMAS 

In  the  main  the  material  for  these  investigations  was  collected  at  Falls 
Church,  Va.,  but  questionnaires  were  sent  to  zoologists  all  over  the  United 
States.  Nearly  160  of  these  were  returned,  some  with  collected  Mer- 
mithid  material,  and  many  with  very  interesting  information  about  dis- 
tribution, hosts,  etc. 

The  examination  of  this  contributed  material  is  not  yet  finished,  and 
therefore  no  more  than  a  somewhat  brief  sketch  of  the  American  Mer- 
mithid  land-fauna  can  be  given,  together  with  some  aspects  of  the  eco- 
nomic value  of  the  family. 

On  leaving  the  insect  host  the  nemas  enter  the  soil.  There  have  been 
observed  thus  far  a  dozen  or  more  species  of  Mermithids  from  American 
soil,  mostly  new.  The  two  most  common  are  what  have  been  called 
Mermis  albicans  Von  Siebold  and  M.  nigrescens  Dujardin,  which  are  among 
the  first  Mermithids  made  known  and  also  the  ones  most  frequently  men- 
tioned in  literature.  Both  apparently  have  a  wide  geographical  distribu- 
tion. 

The  determination  of  Mermithid  species  is  difficult;  one  reason  is 
that  often  only  larval  forms  are  obtainable,  and  another  is  that  Mer- 
mithids do  not  possess  obvious  morphological  characteristics.  The 
present  studies  were  much  aided  by  the  excellent  papers  of  Meissner 
(5,  6),2  Rauther  (7),  and  Hagmeier  (3).  The  latter  emphasized  the 
opinion  that  among  the  principal  and  best  aids  in  classifying  Mermithids 
are  the  sense  organs  on  the  head,  since  they  rarely  change  during  the  life 
of  the  individual. 

Whereas  Mermis  nigrescens  seems  to  show  little  variation  and  to  be 
represented  in  this  country  by  the  typical  European  form,  the  American 
Agamermis  decaudata  is  unusually  difficult  of  determination,  even  for  a 
Mermithid,  because  it  presents  an  extensive  series  of  variations,  between 
the  extremes  of  which  there  is  a  complete  gradation  of  intermediate 
forms.  These  varieties,  or  races,  and  apparent  hybrids  are  best 
recognized  by  the  structure  and  arrangement  of  the  head  sense  organs. 
As  far  as  can  be  judged,  the  European  albicans  as  described  by  Meissner 
(5,  6),  Rauther  (7),  and  Hagmeier  (j)  has  not  yet  been  found  in  this 
country.  The  chaos  of  these  forms  is  probably  greatly  augmented  by 
hybridization.  Cases  occurred  at  Falls  Church  where  the  mating  female 
and  four  males  (four  males  with  one  female)  all  differed  in  the  structure 
of  the  head  sense  organs. 

Another  interesting  evidence  of  the  existence  of  a  number  of  different 
races  in  Agamermis  decaudata  is  the  fact  that  almost  any  collection  that 
includes  a  number  of  female  specimens  will  show  intersexes — that  is, 
females  with  more  or  less  well  developed  male  sexual  organs.  Experi- 
mental biology  is  showing  that  such  intersexes  may  be  frequent  in  the 
"artificial"  crosses  of  closely  related  forms,  races,  or  genotypes.  A. 
decaudata  as  it  occurs  in  nature,  is  not  a  clean-cut  species,  but  rather  a 
mixture  of  races  and  their  hybrids. 

The  origin  of  the  races  of  Agamermis  decaudata  is  still  uncertain. 
Perhaps  the  great  variety  of  hosts  may  have  some  influence. 

It  may  be  considered  questionable  whether  there  are  decaudata  races 
special  to  certain  hosts.  We  do  not  know  yet,  but  it  appears  as  if  larvae 
of  various  races  are  entering  hosts  without  special  choice. 

2  Reference  is  made  by  number  (italic  'to  "Literature  cited,"  p.  926. 
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A  review  of  the  information  obtained  from  the  returned  questionnaires 
also  emphasizes  the  economic  value  of  Mermithids,  a  fact  surmised  earlier 
by  a  number  of  entomologists  but  never  proved  in  a  substantial  way.  Of 
130  returned  questionnaires,  53  6  per  cent  state  that  Orthoptera  were  the 
hosts.  In  5 1  cases  the  writers  made  observations  regarding  the  effect  of 
the  parasite,  mostly  on  an  individual  host.  Of  these  latter  observers, 
85  per  cent  report  an  injurious  effect  on  the  host,  71  per  cent  stating  that 
the  normal  development  of  the  host  was  prevented,  47  per  cent  stating 
the  fecundity  of  the  host  was  reduced,  and  53  per  cent  that  the  host  was 
killed.  Most  of  these  statements  seem  mainly  the  result  of  fortuitous 
observation  on  a  limited  scale;  in  general,  they  corroborate  those  already 
mentioned  in  the  literature.  Hagmeier  (j)  estimated  that  on  a  meadow 
33  per  cent  of  all  grasshoppers  were  infested  with  Mermis ;  Glaser  and 
Wilcox  (2)  in  this  country  estimated  infestation  up  to  60  per  cent; 
Leidy  (4),  very  frequent;  Steiner's  observations  (8,  p.  223)  showed  in  a 
garden  heavily  infested  with  the  snail  Limax  agrestis,  20  to  30  per  cent  of 
them  mermithized. 

EXPERIMENTS  AT  THE  EASTERN  FIELD   STATION   OF  THE   BUREAU 
OF    ENTOMOLOGY   AT  FALLS   CHURCH,    VA. 

During  the  early  part  of  July,  1922,  it  was  noticed  that  grasshoppers 
in  the  vicinity  of  Falls  Church,  Va.,  were  infested  by  a  Mermithid  para- 
site. From  that  time  until  cold  weather,  collections  were  made  over  an 
area  of  several  square  miles,  and  a  total  of  3,332  grasshoppers  was 
examined.  Of  the  824  Tittigonidae  included  in  this  number,  very  nearly 
all  were  Orchelimum  vidgare  Harris.  Of  the  remaining  2,508  Acrididae, 
about  90  per  cent  were  Mela  no  pi  us  femur-rubrum  Deg.  Mermithid 
infestation  was  found  to  average  12  per  cent,  increasing  to  about  25  per 
cent  in  heavily  infested  regions. 

Records  based  on  the  examination  of  2,498  grasshoppers,  the  sexes  of 
which  were  determined  before  dissection,  show  the  males  and  females 
to  be  about  equally  parasitized. 

As  the  nemas  do  not  reach  sexual  maturity  in  the  host,  but  moult 
once  in  the  soil  after  leaving  the  host,  the  determination  of  the  material 
taken  from  grasshoppers  is  a  difficult  task.  However,  it  is  certain  that 
the  greater  number  of  the  nemas  were  varieties  or  races  of  Agamermis 
decaudaia,  with  an  occasional  species  of  another  kind. 

The  parasites  begin  to  leave  the  hosts  by  the  latter  part  of  August,  if 
not  before,  and  are  nearly  all  out  by  the  first  of  October.  Their  method 
of  exit  is  by  forcing  their  way  through  the  body  wall  of  the  insect.  In 
one  carefully  observed  case  the  parasite  issued  from  the  side  of  the  abdo- 
men, head  foremost,  and  was  free  in  a  very  few  minutes.  The  parasite 
was  assisted  by  the  kicking  of  the  grasshopper,  whose  feet  became 
entangled  in  the  coils  of  the  nema. 

Once  free  from  the  host,  the  Mermithids  make  their  way  into  the  soil 
to  a  depth  of  3  to  20  cm.  The  females  go  down  from  4  to  8  cm.,  seldom 
deeper.  Here  they  coil  up  in  the  "nest,"  forming  a  "knot,"  and  ap- 
parently never  again  move  about.  The  males  move  through  the  soil 
more  freely,  as  it  is  evidently  their  function  to  seek  out  the  females. 
The  "knots"  as  dug  from  the  soil  during  the  winter  contain  one  female, 
rarely  more,  and  from  one  to  seven  males. 

In  order  to  determine  the  approximate  Mermithid  population  in  an  in- 
fested region,  16  square  feet  of  soil  were  examined  to  a  depth  of  30  cm. 
(12  in).     The  yield  was  132  Mermithids,  or  at  the  rate  of  3.59,370  per  acre. 
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Eggs  are  laid  in  large  numbers  until  both  the  nemas  and  the  wall  of 
the  nest  become  plastered  with  them.  Egg  counts  show  that  each  fe- 
male lays,  on  an  average,  at  least  5,000  eggs.  Under  the  16  square  feet 
referred  to  in  the  preceding  paragraph,  32  "knots"  were  surrounded  with 
eggs.  If  the  average  number  of  eggs  per  nest  is  5,000  (probably  a  very 
conservative  figure)  there  will  be,  provided  all  the  eggs  hatch,  435,600,000 
larvae  per  acre.  Each  foot  will  therefore  support  a  population  of  10,000, 
and  each  square  inch  of  surface  will  have  below  it  about  70  of  these 
young  Mermithids 

The  egg  has  the  shape  of  a  slightly  flattened  sphere,  and  measures  119 
by  105  microns.  The  rate  of  its  development  is  influenced  by  external 
conditions,  particularly  temperature.  At  the  end  of  five  or  six  days, 
with  average  September  weather,  the  embryo  takes  the  form  of  a  single, 
circular  coil,  almost  filling  the  shell.  At  this  point  in  its  development 
there  is  a  rapid  proliferation  of  cells  at  the  posterior  extremity,  the  ends 
of  the  loop  overlap  and  in  a  short  time  several  coils  are  developed.  As 
the  length  of  the  embryo  increases  new  coils  are  formed  until,  at  the  end 
of  about  a  month,  the  young  larva  reaches  its  full  length  of  a  dozen  or 
more  coils— that  is,  3  to  4  mm.  The  development  of  eggs  deposited  late 
in  the  fall  seems  to  be  retarded  by  cold  weather,  for  material  collected  in 
March  still  contains  the  earlier  stages  of  development.  The  hatching  of 
the  eggs  is  probably  brought  about  by  the  warm  spring  weather,  as  eggs 
brought  into  the  laboratory  in  winter  and  kept  at  room  temperature 
hatch  freely  after  three  or  four  days. 

After  hatching,  the  larvae  work  their  way  to  the  surface  of  the  soil 
and  enter  the  newly  hatched  grasshopper  nymphs. 

Artificially  infested  grasshoppers  containing  six  or  eight  Mermithids 
die  in  about  eight  days.  In  fact  it  may  be  doubtful  if  grasshoppers 
harboring  more  than  one  parasite  ever  reach  maturity.  The  ovaries 
of  infested  females  which  do  survive  are  vestigial,  never  producing 
functional  eggs,  and  it  is  likely  that  the  males  are  also  rendered  sterile. 
The  exit  of  the  nemas,  sometimes  at  least,  results  in  the  death  of  the 
grasshopper,  and  there  is  every  reason  to  believe  that  this  is  always 
the    case. 

STRUCTURE  AND  BEHAVIOR  OF  THE  FREE-LIVING  LARVA 

The  rear  five-sixths  of  the  decaudata  larva  has  a  certain  uniformity  of 
structure.  Here  the  cuticle  and  body  wall  are  typically  nemic.  The 
body  cavity  is  filled  by  a  moniliform  series  of  elements,  having  somewhat 
the  general  character  of  nemic  intestinal  cells,  but  there  is  no  lumen  and 
no  trace  of  an  anus.  Each  of  these  50  to  70  cells  (trophocy tes) ,  in  addition 
to  its  nucleus,  protoplasmic  network,  and  minute  proteid  granules,  is  packed 
with  spherical  3-4  micron  fat  globules,  melting  at  about  550  C.,  and 
contains  a  thin-walled  catabolic  vesicle  holding  a  birefringent  crystal. 
As  the  larva  ages,  the  fat  disappears,  while  the  vesicle  increases,  thus 
pushing  all  other  contents  of  the  cell  to  one  end.  In  a  few  weeks  no 
fat  remains,  and  the  nema  has  a  segmented  aspect.  By  expending  the 
fat  of  the  trophocy  tes,  the  posterior  five-sixths  of  the  nema  becomes  the 
active  mechanism  for  driving  the  strongly  cephalated  anterior  sixth  to, 
and  into,  the  host. 

On  entering  the  host  the  driving  mechanism  is  shed  at  a  predetermined, 
elaborately  prepared  node,  and  only  the  cephalic  portion  becomes  par- 
asitic. The  node  at  which  this  automatic  amputation  takes  place  is 
prominent  in  the  free-living  larva.  Persisting  as  a  little  altered  terminal 
scar,  it  indicates  that  no  moult  occurs  during  the  parasitic  life.     Usually 
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the  driving  mechanism  is  left  outside  the  host,  but  young  larvae  in  which 
the  node  is  unripe  may  take  the  driving  mechanism  inside,  where,  in 
the  course  of  a  few  days,  it  is  shed.  The  nema  requires  from  two  to 
five  minutes  to  enter  the  host.  This  period  is  often  preceded  by  a  few 
minutes  of  waiting — perhaps  devoted  to  some  internal  preparation 
for  the  onslaught.  Entrance  is  bored  at  any  thin  part  of  the  cuticle 
of  the  very  young  larva  of  the  host — namely,  on  the  head,  thorax, 
abdomen,  or  legs. 

The  cephalic  end  of  the  free-living  larva  is  highly  specialized.  No 
particular  reference  is  made  here  to  its  acute,  hollow,  protrusile  spear, 
or  its  six  inconspicuous  cephalic  papillae,  amphids,  nerve-ring,  oeso- 
phageal lumen,  and  longitudinal  chords,3  most  of  which  closely  resemble 
those  of  the  "Mermis  albicans"  of  Hagmeier.  The  bifurcated,  sym- 
metrical, two-celled  renette  lies  in  the  neck  behind  the  nerve-ring. 
The  oesophagus  ends  posteriorly  in  a  short,  small,  cylindroid  swelling, 
which  at  intervals  of  about  a  second  may  exhibit  the  sudden  peristaltic 
motions  characteristic  of  the  swallowing  act  of  nemas. 

The  intestine  comprises  two  sections,  of  which  the  posterior  is  about 
two  bodywidths  long.  The  four  times  longer  anterior  section,  com- 
prising sixteen  cells,  has  a  distinct,  narrow,  refractive,  tubular  lumen, 
and  is  flanked  by  three  unequal  glandular  structures  having  their  free 
ends  caudad,  the  largest  of  which,  the  right,  extends  throughout  the 
length  of  this  section  of  the  intestine,  while  the  two  others — equal, 
narrower,  and  on  the  left — have  only  half  that  length.  These  organs 
are  packed  with  minute  dodecahedral,  colorless,  in  the  main  nonstaining 
(carmine,  osmic) ,  refractive  granules,  of  which  those  in  the  largest  organ 
are  very  much  the  largest;  beside  this,  there  are  physiological  differ- 
ences, in  that  the  two  smaller  organs  stain  differently  intra  vitam  from 
the  large  one  and  behave  differently  after  the  larva  enters  its  host. 
During  the  early  days  of  parasitism  these  three  organs  disappear,  so 
they  evidently  have  to  do  with  the  physiological  changes  connected  with 
the  inception  of  taking  in  food  from  the  host.  The  intestinal  lumen  in 
the  20-30-celled  posterior  section  is  of  a  different,  nonrefractive  character 
(wider  and  surrounded  by  a  very  thin  nonrefractive  wall) ,  and  this  section 
presents  the  elements  commonly  seen  in  the  intestinal  cells  of  free-living 
nemas. 

The  sexual  blastomeres  nearly  always  lie  in  the  axil  between  the  two 
portions  of  the  intestine. 

After  entering  the  host  the  posterior  portion  of  the  intestine  changes 
and  gives  rise  to  a  syncytiumlike  ( ?)  structure  of  relatively  enormous  size. 
As  the  three  glandular  organs  disappear,  the  anterior  16-celled  section  of 
the  intestine  also  begins  a  relatively  huge  growth,  at  first  (20  days) 
forming  a  somewhat  moniliform  series  of  16  organs  (urocytes?)  with  large 
nuclei  very  like  the  four  organs  of  Tetradonema  (z).  The  early  growth  of 
the  two  portions  of  the  intestine  is  not  so  very  unequal,  so  that  the  sexual 
anlage  comes  to  lie  nearer  the  middle  of  the  body.  Along  with  this  enor- 
mous growth  of  the  intestinal  elements  the  longitudinal  chords,3  especially 
the  lateral,  increase  greatly  in  volume  from  back  to  front. 

In  spite  of  the  fact  that  the  free-living  decaudata  larvae  will  live  for 
hours  or  even  days  on  thawing  ice,  when  placed  in  water  or  moist  earth 
at  32 °  F.  they  are  much  injured  by  the  congealment.  Two  or  three 
such  experiences  kill  them.  One  exposure  to  zero  Fahrenheit  kills  them. 
It  seems  probable  that  they  can  not  survive  even  light  frosts  in  nature. 

*  Hitherto  usually  referred  to  in  the  literature  as  the  "longitudinal  Gelds." 


926  Journal  of  Agricultural  Research  vol.  xxiii.  No.  n 


These  free-living  larvae  can  exist  in  soil  for  several  months,  during 
which  time  experiments  have  shown  them  to  be  apogeotropic  and  posi- 
tively phototropic,  rheotropic,  pedotropic,4  and  xenotropic.5  Within 
the  limits  of  the  vernal  temperatures  of  arable  soils  in  subtemperate 
regions,  the  larvae  are  positively  thermotropie.     Once  dried  they  die. 

From  what  has  been  previously  said  concerning  the  deposition  of  the 
eggs,  it  will  be  seen  that  these  tropisms  tend  to  bring  the  larva  to  the 
surface  of  the  ground  and  into  contact  with  its  host. 

The  entrance  of  the  larva  into  its  host,  although  very  easily  brought 
about  in  the  laboratory,  has  not  been  observed  in  nature  and  doubtless 
will  be  a  matter  very  difficult  of  observation.  The  forecast  is  that  the 
larvae  will  come  to  the  surface  of  the  ground  in  late  spring,  leave  the 
soil,  lurk  among  the  decayed  and  living  vegetation  near  the  surface  of 
the  ground,  and  enter  the  host  mostly  at  night. 

The  bobtailed  parasitic  larva,  25  by  700  microns,  grows  at  a  rapid  rate, 
often  increasing  a  millionfold  in  two  to  three  months. 

BRIEF  GENERIC  AND  SPECIFIC  DIAGNOSES  6 
Agamermis  Cobb,  Steiner,  and  Christie  n.  gen. 

Mermithidae  with  terminal  mouth,  no  mouth  papillae,  6  head  papillae,  vagina 
S-shaped,  2  spicula;  parasitic  larva  decaudate.     Moults  once  in  the  egg. 

Agamermis  decaudata  Cobb,  Steiner,  and  Christie  n.  sp. 

Characters  as  given  on  pages  924-926  herein,  and  as  shown  by  Hagmeier's  figures 
(except  fig.  14)  for  his  Mermis  albicans  (3).  Amphids,  however,  varying  somewhat 
from  those  figured  by  Hagmeier;  no  cervical  papillae  seen.     Moults  once  in  the  egg. 
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•  Full  descriptions  will  bo  published  later. 
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SUMMER  IRRIGATION  OF  PIMA  COTTON1 

By  R.  D.  Martin  and  H.  F.  Loomis,  Assistants  in  Crop  Acclimatization,  Office  of  Crop 
Acclimatization  and  Adaptation  Investigations,  Bureau  of  Plant  Industry,  United 
States  Department  of  Agriculture 

INTRODUCTION 

Summer  irrigation  problems  need  to  be  distinguished  from  those  of 
the  spring  months.  In  the  spring  the  problem  is  chiefly  one  of  controlling 
the  growth  of  the  young  plants  and  their  habits  of  branching  so  as  to  avoid 
excessive  vegetative  development.  After  these  early  stages  are  passed, 
and  the  plants  are  flowering  and  fruiting,  the  question  is  how  often  to 
apply  water  to  the  best  advantage  for  the  development  of  a  maximum 
crop.  The  answer  will  depend  upon  differences  in  soil  and  other  condi- 
tions that  affect  water  requirements,  but  treatment  can  be  adjusted  to 
the  needs  of  the  crop,  as  indicated  by  the  behavior  of  the  plants. 

A  first  experiment  with  summer  irrigation,  recognized  as  a  distinct 
problem,  was  made  with  Pima 2  cotton  at  the  Cooperative  Testing  Sta- 
tion,3 Sacaton,  Ariz.,  in  1920,4  and  yielded  some  interesting  and  entirely 
unexpected  results.  The  plan  was  to  compare  the  behavior  of  plants,  to 
which  different  frequencies  of  irrigation  had  been  applied,  after  they  had 
reached  a  normal  early  fruiting  stage.  In  a  series  of  such  comparisons 
the  results  were  alike,  with  no  such  differences  of  growth  as  have  been 
observed  in  many  experiments  that  included  earlier  stages  of  plant  de- 
velopment. The  general  indication  is  to  confirm  and  emphasize  the 
importance  of  controlling  the  early  development  of  cotton  in  order  to 
bring  the  plants  to  a  normal  early  fruiting  stage.  When  this  condition 
is  established  summer  irrigation  problems  are  simplified. 

RECOGNITION   OF  A  NORMAL  FRUITING  STAGE 

Early  in  July,  when  the  experimental  treatment  began,  the  plants  were 
about  18  inches  high  and  had  from  five  to  eight  fruiting  branches,  were 
mostly  without  vegetative  branches,  and  just  beginning  to  flower.  This 
form  of  plant  is  recognized  as  the  early  fruiting  stage  of  a  normal  devel- 
opment. The  plants  had  been  brought  to  this  condition  by  withholding 
water  in  the  early  growing  period  and  by  delaying  thinning  until  the 
plants  were  from  10  to  14  inches  high.  This  was  done  in  order  to  check 
any  tendency  of  the  plants  to  grow  rank,  or  put  out  an  excessive  number 

1  Accepted  for  publication  July  2,  1921. 

*  Pima  is  a  variety  of  Egyptian  cotton  bred  and  developed  by  the  Department  of  Agriculture  and  is 
grown  extensively  in  the  Salt  River  Valley  of  Arizona  and  the  Imperial  and  San  Joaquin  Valleys  of  Cali- 
fornia. 

J  The  Cooperative  Testing  Station  is  located  in  the  Gila  River  Valley  at  the  Indian  village  of  Sacaton  and 
is  approximately  30  miles  southeast  of  Phoenix,  Ariz.  The  soil  and  climatic  conditions  are  similar  in  many 
respects  to  those  in  the  Salt  River  Valley. 

*  An  effort  was  made  to  repeat  the  experiment  in  192 1  on  the  same  plots  with  as  nearly  as  possible  the  same 
treatments,  but  spring  conditions  were  very  unfavorable  so  that  regular  stands  were  not  secured  and  rains 
in  July  and  August  interfered  with  the  control  of  growth  by  irrigation,  so  that  comparable  results  were 
not  obtained. 
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of  vegetative  branches.  It  so  happened  that  no  irrigation  was  required 
until  July  when  the  treatments  began.  Copious  winter  rains  and  cold 
spring  weather  may  possibly  explain  why  water  was  not  needed  earlier. 

Previous  experiments  have  demonstrated  that  the  most  desirable  and 
productive  type  of  plant  is  one  which  utilizes  to  the  fullest  extent  in 
fruiting  development  the  space  apportioned  to  it,  without  injury  to  its 
neighbors.  Such  plants  have  no  vegetative  branches,  or  only  one  or  two, 
depending  on  spacing.  To  grow  plants  of  this  type  it  is  necessary  to  ob- 
serve precautions  in  thinning  and  avoid  any  unnecessary  irrigation  when 
the  plants  are  young  and  easily  forced  into  undesirable  vegetative 
growth.  When  precautions  are  not  taken  the  plants  may  develop  several 
vegetative  branches  and  become  so  crowded  that  only  a  late  crop  can  be 
produced. 

It  is  essential  that  the  present  experiment  should  not  be  confused  with 
others  that  have  been  published,  that  dealt  with  the  early  development 
and  control  of  the  branching  habits  of  the  plants. 5  The  treatment  cotton 
receives  before  fruiting  begins  undoubtedly  is  reflected  in  all  of  the  sub- 
sequent behavior  of  the  plants  and  is  a  factor  in  determining  the  water 
requirements  during  the  fruiting  period.  The  objects  and  conditions  of 
experiments  in  the  spring  differ  from  those  of  the  summer;  hence  the 
treatments  are  distinct  problems. 

CLIMATIC  CONDITIONS 

As  the  weather  during  the  cotton-growing  season  is  an  important 
factor  in  judging  the  results  of  experimental  data,  a  summary  of  the 
records  is  given. 

The  season  of  1920,  though  unusual  in  many  respects,  was  more 
favorable  for  a  reliable  consideration  of  several  cultural  features  than 
could  be  had  in  a  normal  year.  Lack  of  heavy  summer  rains  made  the 
irrigation  problems  more  definite,  and  an  unusually  cool  spring  assisted 
materially  in  controlling  the  early  growth  of  the  plants.  On  the  other 
hand,  the  maximum  air  temperatures  in  July  were  unusually  high, 
providing  a  test  of  the  effects  of  hot  weather. 

Table  I  gives  the  monthly  average  maximum  and  minimum  tempera- 
tures from  March  to  October,  inclusive,  for  the  years  1910  to  1919,  the 
10-year  average  for  each  month,  and  the  monthly  averages  for  1920.  In 
comparing  the  average  monthly  maximum  and  minimum  temperatures 
for  1920  with  the  averages  for  the  corresponding  month  in  the  preceding 
years  it  will  be  seen  that  those  for  1920  generally  are  lower,  and,  with  the 
exception  of  the  July  maxima,  are  all  below  the  10-year  average. 

The  first  killing  frost  occurred  on  November  29,  but  there  had  been 
light  frosts,  which  did  little  damage,  as  early  as  October  14.  For  a 
period  of  10  consecutive  years  prior  to  1920  the  average  date  of  the  first 
killing  frost  at  Sacaton  is  November  17. 

The  summer  rains,  which  usually  occur  in  the  latter  part  of  July  and 
the  early  part  of  August  and  are  a  complicating  factor  in  the  problem 
of  irrigation  of  cotton,  were  almost  negligible  in  the  season  of  1920,  as 
shown  in  Table  II.  This  precipitation  has  not  been  considered,  since 
the  showers  were  so  slight  and  so  widely  separated  that  the  plants  were 
not  affected,  but  the  data  are  presented  in  Table  III. 

'  Cook,  O.  F.    a  new  system  of  cotton  culture  and  its  application.    U.  S.  Dept.  Agr.  Farmers' 

Bui.  6OI,   12  p.,  2  fig.       I9J4. 

•    single-stalk  cotton  culture.     U.  S.  Dept.  Agr.  Bur.  Plant  Indus.  Crop  Acclim.  and  Adapt. 
Inves.  B.  P.  I.     Doc.  1130,  n  p.,  12  fig.     1914. 


Mar.  24, 1923 


Summer  Irrigation  of  Pima  Cotton 


929 


Table  I. — Average  monthly  maximum  and  minimum  temperatures  from  March  to  Octo- 
ber, inclusive,  Sacaton,  Ariz.,  from  igio  to  igig 


AVERAGE  MAXIMUM  TEMPERATURE  (DEGREES  FAHRENHEIT) 

Year. 

March. 

April.           May. 

June. 

July. 

August. 

Septem- 
ber. 

October. 

1910 

1911 

1912 

1913 

19*4 

1915 

1916 

1917 

1918 

1919 

87-3 
83-7 
72.  1 

73-2 
80.0 

75-5 
84.0 

73-7 
75-i 
70.5 

89.9 
86.2 

77-9 

87.8 
86.9 

84-3 
87.4 
81.6 
82.4 

83-7 

99.2 
94.0 
91.9 
93-8 
96.  0 
85.6 

95-5 
86.7 

87-5 
90.4 

104.9 

103.  I 

104.  I 

100.  0 

99-7 
103.9 
105.9 
103.6 

101.  9 
100.  5 

106.  I 

99-3 

101.  3 

103.  1 
103.0 
105.  1 

105-7 

102.  5 

100.  0 

97.6 

104.  5 
102.8 
IOO.  2 
IO4.3 

107.  0 
106.  0 

103.4 
99.9 
97.1 

99-5 

I03-5 
98.7 
97-7 

IOO.  0 
IOO.  0 

100.  4 

99-7 
95-6 

97-9 
92.9 

9x-3 

85-7 

84-5 

87-5 

84-9 

95-5 
86.2 

9i-3 
87.1 
80.6 

Av.  of  10 
vears 

77.  5         84.  8         92.  0 

102.8 

102.  4 

102.  5 

98.6 

87-5 

1920 

71.4 

78.  9         91.  0 

99.  0  j     104.  5 

99-  0         95-3 

82.6 

AVERAGE  MINIMUM  TEMPERATURE  (DEGREES  FAHRENHEIT) 


Year. 

March. 

April. 

May. 

June. 

July. 

August. 

Septem- 
ber. 

October. 

1910 

1911 

1912 

1913 

1914 

I9!5 

1916 

1917 

1918 

i9J9 

40.4 

46.4 

44-3 

38.7 
44.2 

39-  1 
45-6 

36.7 
47-5 
38.4 

50-4 
48.7 
46.3 
49.O 

48.5 
49.4 
50.  6 
46.6 
47.6 
48.5 

57-3 
52-5 
55-6 
56.0 

56-3 
52-  1 
52.6 

55-6 
53- 0 

57-4 

65-4 
64.6 
64.9 

62.  7 
70.  2 

63.6 

63.  I 

62.6 

70.  6 

63.  2 

73-  5 
72.7 

69-5 
70.  6 

75- 0 
70.  0 

73-3 
75-9 

73-  2 
74.0 

74-8 
76.  2 
70.8 

73-  1 
76.  0 
72.  0 
72.9 
69.  2 
69.  1 
72.4 

70.  2 
65.8 

58.5 

64.  2 

65.  O 
62.6 
66.2 
68.0 

65.1 
66.8 

52-3 
52-3 
53-4 
48.5 
53-9 
49-8 
49.  1 

54-4 

52-5 
49.  6 

Av.  of  10 
vears 

42.  1  j       48.  6 

54-8 

65.I 

72.  8 

72.7 

65.2 

51-6 

1920 

41.  2 

44-3 

53-2 

60.  4 

70.7 

70.  1 

61.3 

48.6 

Table  II. — Monthly  precipitation,  in  indies,  at  Sacaton,  Ariz.,  for  an  8-month  period 
from  igio  to  igig  compared  with  that  for  the  year  ig20 


Year. 

March. 

April. 

May. 

June. 

July. 

August. 

Septem- 
ber. 

October. 

1910 

1912 

IOI  7, 

0.38 

•47 
2.  61 

Trace . 
..do  .. 

0.  65 
4.  11 
4.  27 

.92 
3-25 
2-44 

1.  19 

3-33 
1.49 

.v  7'' 

1.  a  e 

I.38 

.04 
•30 

O.  I  ^ 

Trace. 
.98 
.92 

•34 
.  10 

1 

1 
1 

1 

1 

82 
02 
73 
77 
05 
63 
05 
92 

63 

I.  40 
.96 
.  18 

•85 

.40 

.  16 

1.  16 

•45 
.  11 

•  19 

.  20 

'     -38 

.  IO 
.69 

i9J4 

1915 

1916 

i9J7 

1918 

1919 

1.  02 

1.  01 

■  7' 

.  40 

I.  17 

•55 

2.  28 

3- 61 

-43 

1.80 

.  02 

I.  29 

.04 

.  20 
Trace. 

.29 
•15 

Average 

•83 

•35           -25 

•25 

2-  54 

1.  11 

•75 

•54 

1920 

1.  42 

•03 

•  17 

•23 

.48 

.89 

.  21 

I.  21 
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Table  III. — Daily  precipitation,  in  inches,  Sacaton,  Ariz.,  from  March  to  October,  in- 
clusive, IQ20 


Mar. 


1 Trace . 

10 o.  47 

23 °7 

24 -53 

25 Trace. 


Apr. 

May 
June 


27. 

IS- 
19. 
21. 

26. 
27. 


Trace. 


34 


°3 

17 

13 
10 


J«iy  13- 
21 . 

22. 

2. 

10. 

14. 

19. 

25- 

3- 

14. 

20. 

3i- 


Aug. 


Sept. 
Oct. 


35 
11 
02 
28 
09 
01 
24 
27 

°5 
16 
86 
35 


ARRANGEMENT,  PLANTING,  AND  THINNING 

The  soil  of  the  experimental  plot  is  a  black  sandy  loam,  very  well 
suited  to  the  growing  of  cotton.  Clear  well  water  is  used  for  irrigation, 
which  is  distributed  from  a  concrete  ditch  provided  with  leak-proof  gates. 
Nine  sixth-acre  borders 6  were  used  for  the  experiment,  arranged  in  series 
of  three  borders  each.  The  first  series,  containing  borders  C1-3,  C1-4, 
and  C1-5,  had  been  in  alfalfa  the  previous  year.  The  other  two  series, 
covering  borders  C1-9  to  Ci-14,  inclusive,  and  forming  a  solid  block, 
had  grown  cotton  in  the  previous  season.  The  soil  of  series  I  is  slightly 
richer  than  that  of  the  others. 

The  experiment  was  planted  on  March  29  and  April  1  with  a  2-row 
planter,  using  a  44-inch  row  spacing,  and  a  good  stand  was  obtained. 
Unfavorable  low  temperatures  through  April  and  early  May  kept  the 
ground  cold  and  retarded  the  growth  of  the  young  seedlings.  During 
this  cold  period  injuries  from  the  "  sore-shin "'  disease  were  not  uncommon 
in  the  Salt  River  Valley,  while  at  Sacaton,  with  lower  temperatures  pre- 
vailing, the  damage  from  this  source  was  considerably  greater,  but  the 
stand  was  materially  affected  only  in  a  few  cases. 

Series  I  was  thinned  on  June  4,  when  the  cotton  was  about  12  inches 
high,  leaving  the  plants  as  nearly  as  possible  a  foot  apart  in  the  row. 
The  plants  in  this  series  were  in  a  slightly  more  advanced  stage  of  develop- 
ment than  those  of  the  other  two  series.  Series  II  and  III  were  thinned 
on  June  14,  when  the  plants  had  reached  the  same  stage  of  development 
as  had  been  attained  in  series  I,  and  with  the  same  row  spacing. 

PLAN  OF  IRRIGATION 

The  irrigation  treatments  that  were  applied  to  the  three  borders  in 
each  series  were  recorded  as  "normal,"  "medium-heavy,"  and  "heavy," 
respectively.  An  explanation  of  these  terms  is  necessary  in  the  absence 
of  any  such  definite  or  recognized  practices. 

"Normal"  irrigation  was  the  application  of  water  in  such  a  manner  as 
to  keep  the  plants  flowering  heaviiy  and  with  little  or  no  wilting  of  the 
leaves  in  the  middle  of  the  day.  This  is  considered  the  best  cultural 
practice  in  the  Salt  River  Valley.7 

"Heavy"  irrigation  was  to  apply  water  at  definite  intervals  regardless 
of  the  condition  of  the  plants  or  soil.     As  near  as  possible  a  10-day  period 

6  Border  is  a  term  applied  to  a  portion  of  a  field  used  as  an  irrigation  unit. 

7  Hudson,  E.  W.     growing  Egyptian  cotton  in  the  salt  river  valley,  Arizona.    U.  S.  Dept. 
Agr.  Fanners'  Bui.  577,  8  p.     1914. 
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was  allowed  between  irrigations  of  these  borders.  This  period  was 
known  to  be  much  shorter  than  usual,  as  irrigation  records  of  these 
borders  for  previous  years  showed  that  intervals  of  20  days  or  more  had 
been  used  with  good  results. 

"Medium-heavy"  irrigation  was  planned  to  be  intermediate,  as  nearly 
as  possible,  between  the  "normal"  and  "heavy"  treatments.  These 
periods  varied,  of  course,  with  the  "normal"  irrigations  and  ranged 
between  14  and  23  days,  while  the  periods  of  the  "normal"  borders 
varied  from  14  to  44  days. 

In  applying  the  water  the  borders  were  flooded  to  a  depth  of  several 
inches,  as  uniformly  as  possible.  In  the  absence  of  any  means  of  meas- 
uring the  amount  applied,  there  were  some  fluctuations  in  the  quantity 
a  border  received,  but  such  differences  were  not  considered  sufficient  to 
modify  the  results,  in  view  of  the  generally  uniform  behavior  of  the  cotton. 

This  plan  of  irrigation  was  adhered  to  in  the  months  of  July  and 
August,  during  the  period  of  maximum  plant  growth  and  the  setting  of 
most  of  the  bolls.  After  the  first  of  September  the  effects  of  irrigation 
were  considered  only  in  relation  to  the  maturing  of  the  crop,  there  being 
no  advantage  in  further  growth  of  the  plants.  Bolls  that  set  later  than 
September  10  at  Sacaton,  even  if  they  reach  mature  size,  are  likely  to 
be  frozen  and  then  not  open. 

APPLICATION  OF  WATER 

All  the  borders  were  irrigated  on  July  2  for  the  first  time  after  planting. 
At  this  time  the  plants  were  from  14  to  20  inches  high  and  were  just 
beginning  to  flower.  The  next  application  of  water  was  on  July  13  to 
the  three  "heavy"  borders,  although  they  showed  no  signs  of  needing 
more  moisture.  A  week  later,  July  20,  the  "medium-heavy"  borders 
were  irrigated,  before  any  indications  of  wilting  could  be  detected.  The 
"heavy"  borders  had  their  third  irrigation  on  July  23,  when  they  were 
still  visibly  wet  and  there  was  no  practical  need  of  more  water. 

About  July  28  limited  areas  of  plants  in  the  "normal"  borders  in 
series  II  and  III  began  to  show  wilting  of  the  leaves  in  the  middle  of  the 
day,  although  the  plants  were  growing  rapidly  and  not  showing  flowers 
at  the  top.  With  this  indication  of  the  need  of  water,  these  two  plots 
were  irrigated  on  July  30. 

It  was  apparent  from  the  behavior  of  the  plants  that  the  "normal" 
border  of  series  I  would  not  require  irrigation  as  soon  as  the  "normal" 
borders  in  series  II  and  III.  As  a  result,  the  irrigation  of  both  the 
"normal"  and  "medium-heavy"  borders  of  series  I  was  later.  For  the 
"heavy"  border  of  series  I  the  10-day  interval  of  irrigation  was  main- 
tained, as  in  the  other  series,  until  August  24,  when  this  border  was  not 
watered  because  the  plants  showed  unmistakable  signs  of  distress  by  a 
yellowish  green  color  and  an  almost  complete  cessation  of  growth,  while 
the  soil  obviously  was  too  wet. 

After  August  13,  no  further  irrigations  were  required  to  mature  the 
crop  of  the  "normal"  and  "medium-heavy"  borders  in  series  I,  but  the 
corresponding  borders  of  series  II  and  III  received  two  irrigations  in 
September.  The  need  of  water  in  September  was  indicated  by  a  more 
yellowish  color  of  the  foliage,  although  the  leaves  did  not  wilt  in  the 
cooler  weather.  The  "heavy"  borders  in  all  three  sections  were  irri- 
gated once  in  September,  but  water  was  needed  earlier  in  series  I  than  in 
series  II  and  III. 
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The  irrigation  dates  for  the  borders  of  each  series  during  the  season 
are  given  in  Table  IV. 

Table  IV .—Irrigation  dates 


SERIES   I,    IN    ALFALFA,    1919 


"Normal;" 
C1-3. 

"  Medium- 
heavy,"  C1-4. 

"Heavy." 
C1-5. 

July      2 
Aug.    13 

July      2 
20 

Aug.    13 

July      2 
13 

23 
Aug.      3 

13 
Sept.     3 

SERIES   II   AND  III   IN   COTTON,    1919 


"Normal," 
C1-9  and  Ci-12. 

"Medium- 
heavy,"  Ci-10 
and  Ci-13. 

! 
"Heavy," 
Ci-ii  and 

Cl-I4- 

July      2 

July      2 
20 

July      2 

13 

23 
Aug.      3 

30 

Aug.      6 

13 

Aug.    20 

20 

24 

Sept.     7 

Sept.     7 

28 

28 

Sept.  28 

A  summary  of  the  data  in  Table  IV  shows  that  the  "normal"  borders 
of  series  I  received  only  two  irrigations  in  July  and  August,  as  compared 
with  three  irrigations  of  the  "normal"  borders  in  series  II  and  III.  The 
"medium-heavy"  borders  were  given  three  irrigations  in  series  I  during 
the  same  months  and  four  irrigations  in  series  II  and  III.  The  "heavy" 
border  in  series  I  had  five  irrigations  in  July  and  August,  while  in  series 
II  and  III  they  received  six. 

METHODS  OF  RECORDING  PLANT  BEHAVIOR 

As  a  means  of  keeping  a  record  of  the  behavior  of  the  plants  during 
the  fruiting  season,  general  notes  and  comparisons  of  the  condition  of 
the  plants  in  all  the  borders  were  made  frequently.  More  detailed 
observations  were  made  on  the  rates  of  growth,  the  numbers  of  flowers 
produced,  and  the  shedding  of  young  bolls.  Such  data  were  recorded 
from  July  6  to  September  15,  inclusive,  and  were  obtained  from  sections 
of  rows  containing  25  plants,  selected  early  in  the  season  to  represent 
as  fairly  as  possible  the  plants  of  the  border. 

In  determining  the  rates  of  growth,  the  heights  of  the  plants  in  the 
selected  sections  were  measured  carefully  each  week.  The  flowering 
notes  were  obtained  by  counting  the  number  of  flowers  opening  daily. 
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Shedding  data  were  obtained  by  placing  dated  tags  on  all  the  flowers, 
the  tags  being  fastened  to  the  pedicels  of  the  flowers  so  as  to  remain 
attached  even  if  the  flower  or  young  boll  was  shed  and  fell  to  the  ground. 
Each  day  when  new  flowers  were  being  tagged,  all  of  the  young  bolls 
which  had  shed  were  picked  up  and  their  flowering  and  shedding  dates 
were  recorded. 

GROWTH  OF  THE  PLANTS 

During  the  early  stages  the  plants  developed  rather  slowly.  The 
prevailing  cool  temperatures  of  April  and  May  somewhat  retarded  the 
growth,  and  the  plants  averaged  only  8  inches  high  in  the  latter  part  of 
May.  An  increased  rate  of  growth  was  recorded  in  June,  when  the 
weather  became  very  warm,  but  water  was  withheld  in  order  to  check 
any  tendency  for  the  plants  to  become  rank  or  to  produce  vegetative 
branches.  At  the  same  time  careful  watch  was  kept  to  see  that  there 
was  sufficient  moisture  available  for  a  steady  growth.  The  increase  in 
height  of  the  plants  was  approximately  10  inches  during  the  month  of 
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Fig.  1. — -Daily  maximum  and  minimum  temperatures  and  precipitation  at  Sacaton  from  June  is  to 

September  15. 

June.  After  the  irrigation  of  July  2,  when  the  experimental  treatment 
began,  the  plants  grew  more  rapidly  but  maintained  a  normal,  fruitful 
habit. 

Later  development  was  marked  by  the  uniformity  of  growth  in  all 
borders,  notwithstanding  the  diversity  of  irrigation  treatments.  As 
shown  in  Table  IV,  which  gives  the  average  growth  per  week  of  25  plants 
in  each  border  and  the  average  increase  per  week  of  the  three  borders 
that  were  treated  alike,  the  development  of  the  plants  was  at  about  the 
same  rate  throughout  all  the  borders.  It  will  also  be  seen  that  the  plants 
in  all  the  borders  grew  rapidly  during  July  and  early  August,  averaging 
an  increase  of  4.5  inches  per  week.  During  the  week  August  12  to  19 
a  decided  decrease  in  the  rate  of  growth  was  recorded  in  all  borders,  the 
plants  growing  an  average  of  only  1  inch.  A  comparison  of  Table  V 
with  the  climatological  data  presented  in  figure  1,  shows  there  was  no 
decided  drop  in  temperature  coincident  with  this  retardation  of  plant 
growth,  but  during  that  week  two  small  showers  fell  and  there  was  gen- 
eral cloudiness  of  the  weather.  There  is  no  reason  to  believe  that  mois- 
ture deficiency  was  the  cause  of  the  lower  growth  rate,  as  five  of  the  nine 
borders  had  been  irrigated  on  August  13,  whereas  the  slower  growth  was 
recorded  in  all  the  borders.     An  increased  rate  of  growth  was  obtained 
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during  the  following  two  weeks,  although  the  mean  temperature  was 
slightly  lower,  but  the  weather  was  less  cloudy  with  one  rain  on  August 
25.  During  the  first  week  in  September  the  growth  became  almost 
negligible,  amounting  to  only  0.6  inch,  and  further  records  were  not  at- 

60 


&     /S   22    29     S     12     19    26    2     & 
JULY  SK/GCiST  &£Pr£MBEK 

Fig.  2. — Average  rate  of  growth  for  25  plants  in  each  border  from  July 
8  to  September  9. 

tempted  in  view  of  the  difficulty  of  detecting  small  differences  in  the  height 
of  the  stalks. 

A  diagram  showing  the  weekly  rate  of  plant  growth  for  the  borders 
of  each  series  is  given  in  figure  2.     It  can  be  seen  that  at  the  end  of  the 
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growing  season  the  average  height  that  finally  was  reached  by  the  "nor- 
mal" borders  (52.1  inches)  was  little  different  from  that  obtained  in 
the  "heavy"  borders  (52.9  inches)  or  in  the  "medium-heavy"  borders 
(54.8  inches).  There  was  no  indication  that  the  different  amounts  of 
moisture  had  affected  the  rate  of  growth,  though  it  should  be  remem- 
bered that  at  no  time  was  the  amount  of  moisture  allowed  to  get  so  low 
that  the  plants  suffered  noticeably,  even  in  the  "normal"  borders  that 
received  the  least  water.  The  conclusion  is  that  the  additional  or  sur- 
plus water  applied  to  the  other  borders  was  not  utilized  in  making  larger 
plants. 

Table  V. — Average  height  in  inches  of  2$  plants  in  each  border  by  weeks  from  July  8  to 

September  Q 


Date. 


July  8 
is 
22 
29 

Aug.  5 
12 
19 
26 

Sept.  2 
9 


Normal  irrigation. 


C1-3. 


C1-9. 


25 

2() 

3& 

40. 
44. 
45 
47 
S« 
5* 
53 


24 

28 

34 

38 

44 
48, 
49 
51 
54 
54 


Cl-12. 


23 
27. 
33 

36. 

40 

43 

41 
46 
47 
48 


Aver- 
age 
in- 
crease 

per 
week. 


4.  1 

5-8 
4.  2 

4-  7 
2.6 
1.  I 
2.4 
2.0 
.8 


Medium-heavy  irrigation. 


C1-4. 


26.  1 
309 
36.4 
41.  6 
46- 3 
50.  o 
51-0 
52-5 
55-8 
56.8 


Ci-10. 


26. 
29. 
35- 
39- 
43- 
47- 
49- 
51- 
53- 
54- 


Cl-13. 


24. 
30. 
35 
40 
44 
4V 
5°- 
51 
53 
53 


Aver- 
age 
in- 
crease 

per 
week. 


4-7 
5-4 
5-o 
4.  I 
4-  2 
I.  I 
1-9 
2-3 
•  7 


Heavy  irrigation. 


Ci- 


23.8 
27.  1 
32.0 
38.2 
42.9 
45-  2 
45-9 
46.6 
48.  2 
48.6 


25- 
28. 

34- 
41. 
47- 
51- 
52- 
S4- 
56. 
56. 


Cl-14 


26.  I 
29.  I 
34-8 
40.3 
4S.8 
50.  6 
51-3 
52.6 
53-4 
53-4 


Aver- 
age 
in- 
crease 

per 
week. 


Under  some  conditions  the  absence  of  any  appreciable  or  consistent 
difference  in  the  development  of  the  plants  in  any  of  the  treatments 
might  be  ascribed  to  lack  of  soil  fertility.  This  possibility  was  considered, 
but  the  fact  that  in  the  previous  year  cotton  has  grown  6  to  7  feet  tall 
on  some  of  the  land  included  in  series  II  and  III  is  thought  to  be  sufficient 
evidence  of  an  abundance  of  available  plant  food.  Hence  it  is  believed 
that  the  general  uniformity  of  growth  should  be  attributed  to  the  stage 
of  development  the  plants  had  attained  before  irrigation  began  rather 
than  to  the  state  of  fertility  of  the  soil  or  subsequent  influences. 

It  is  to  be  recognized,  of  course,  that  with  other  seasonal  conditions, 
as  hot  weather  in  the  spring  or  heavier  rains  in  the  summer,  such  uni- 
formity of  behavior  might  not  have  been  maintained;  but  this  does  not 
make  it  less  important  to  know  how  uniform  the  behavior  may  be  under 
favorable  conditions  and  how  little  difference  was  secured  by  such  varied 
frequencies  of  irrigation  as  were  included  in  this  experiment. 

DAILY  PRODUCTION  OF  FLOWERS 


The  first  flowers  appeared  early  in  July,  and  the  record  of  flower  produc- 
tion was  started  on  July  6.  At  this  time  there  were  only  2  or  3  flowers 
opened  per  day  on  25  plants,  but  the  rate  rapidly  increased  with  the 
growth  of  the  plants.  The  highest  production  was  reached  on  July  31, 
with  a  maximum  period  extending  for  approximately  20  days,  beginning 
about  July  28  and  ending  about  August  17.  During  this  period  an  aver- 
age of  about  \%  flowers  per  plant  per  day  was  sustained.     On  September 
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15,  when  the  flowering  had  almost  ceased,  there  had  been  produced  from 
40  to  50  flowers  per  plant. 

The  daily  flowering  records  of  the  25-plant  sections  for  each  border 
are  shown  in  Table  VI.  Although  the  results  are  in  general  harmony 
with  the  data  of  plant  growth,  this  may  not  be  apparent  at  first  on  account 
of  the  rather  wide  fluctuations,  which  no  doubt  are  due  in  part  to  the 
limited  numbers  of  plants  included  in  the  record.  The  general  consistency 
of  flowering  behavior  of  the  different  treatments  is  more  plainly  shown 
by  the  superposed  curves  (fig.  3),  which  represent  the  totals  of  daily 
flower  production  of  the  three  treatments,  summarizing  all  the  records 
of  Table  VI,  and  by  the  flowering  curves  of  the  three  borders  of  series  II 

(fig-  4)- 

By  referring  to  Table  VI,  it  will  be  seen  that  significant  differences  did 
not  result  from  any  of  the  three  irrigation  treatments,  either  in  the 
number  of  flowers  produced  daily  or  in  the  total  numbers  of  flowers 
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Fig.  3. — Total  numbers  of  flowers  per  day  on  the  three  25-plant  sections  of  each  treatment. 

produced  by  each  border  for  the  season.  This  was  due,  no  doubt,  to 
the  fact  that  the  plants  differed  but  little  in  size.  That  the  total  numbers 
of  flowers  produced  on  the  25-plant  sections  were  not  exactly  proportion- 
ate to  the  numbers  produced  by  each  border  as  a  whole  can  be  seen  by 
comparing  these  totals  with  the  yield  of  seed  cotton  per  border.  The 
yields  are  the  practical  summaries,  while  the  daily  records  serve  as  an 
index  of  the  behavior  of  the  plants. 

A  pronounced  variation  in  the  number  of  flowers  opening  from  day  to 
day  often  occurred  in  this  experiment  throughout  the  entire  season,  but 
independent  of  the  irrigation  treatment.  Regardless  of  when  or  how 
often  a  border  had  been  irrigated,  there  were  days  when  all  the  borders 
had  large  numbers  of  flowers.  Conversely,  on  days  when  only  a  few 
flowers  opened  the  same  tendency  was  generally  apparent  in  all  of  the 
borders.  This  general  coincidence  in  flowering  becomes  very  striking 
when  the  flowers  per  day  for  the  three  borders  treated  alike  are  combined, 
giving  the  total  flowers  per  day  on  75  plants.  From  figure  3,  it  will  be 
seen  that  the  curves  of  the  different  treatments  follow  each  other  to  a 
marked  degree,  although  the  range  from  day  to  day  is  often  large. 
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Effort  was  made  to  correlate  these  fluctuations  with  temperatures  and 
other  factors,  and  some  indications  of  correlation  were  found,  but  not 
enough  to  justify  elaboration  on  the  basis  of  such  limited  material. 
Until  more  definite  knowledge  is  gained  as  to  when  the  opening  of  a 
bud  is  determined,  or  what  combinations  of  conditions  cause  the  stimu- 
lus to  be  given,  there  is  little  basis  for  figuring  correlations.     The  fluctua- 


16 

Fig.  4. — Numbers  of  flowers  produced  and  bolls  shed  each  day  on  25-plant  section  of  series  II,  compared 
with  the  irrigation  dates.  Note  the  lack  of  consistency  of  behavior  at  any  regular  period  after  irrigation. 
The  arrows  indicate  irrigation  dates. 

tions  shown  in  figure  3  give  a  general  impression  of  periodicity,  but 
there  is  no  evidence  of  regularity.  Also,  the  general  consistency  of 
flower  production  between  borders  would  seem  to  indicate  a  short 
period  between  the  determining  factors,  or  stimuli,  and  the  flowering 
dates;  but  with  so  little  known  regarding  these  features,  it  seems  better 
to  present  the  data  without  hazarding  explanations. 
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Table  VI. — Numbers  of  flowers  per  day  on  the  25-plant  section  in  each  border 


Aug. 


Date. 


July 


Sept. 


6. 

7. 

8. 

9- 
10. 
11 . 
12. 
13- 
14. 
IS- 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 

25- 

26. 

27. 

28. 

29. 

30. 

31. 
1. 
2. 
3- 
4- 
5- 
6. 

7- 
8. 
9- 
10. 
11. 
12. 
13- 
14- 
15  • 
16. 
17- 
18. 
19. 
20. 
21. 
22. 
23- 
24. 

25- 

26. 
27. 
28. 
29. 
30. 

31- 
1. 
2. 
3- 
4- 
5- 
6. 
7- 
8. 
9- 

10. 

11. 

12. 

13- 

14. 

15- 


Total. 


Average . 


Normal  irrigation. 


el- 
s' 


2 

8 

4 

I 

8 

10 

7 

12 

10 

11 

11 

17 

9 

II 

14 

20 

S 

16 

19 

28 

23 

18 

20 

31 

3° 

33 

27 

31 

25 

27 

14 

24 

37 

30 

31 

31 

23 

27 

a  26 

32 
22 
17 
19 

17 
10 

S 
9 

13 
8 
5 
6 

11 
9 
6 
7 
5 

12 
8 
9 
6 
2 

5 
10 

8 
7 
4 

4 

I 

4 
4 
6 
3 


1,  025 


Ci- 

9- 


2 
S 

8 

4 

5 

8 

4 

3 

9 

3 

3 

4 

4 

14 

8 

10 

6 

9 

17 

17 

M 

17 

18 

29 
°34 
46 
26 
16 
28 

25 

24 
30 
37 
25 
23 
32 
30 
29 
29 
27 
28 
33 
22 

24 

13 

o  i4 

11 
22 

S 

7 
13 
19 
12 
14 
17 

9 
23 
II 

8 

10 

15 

25 

17 
a  I? 

12 

8 

8 

4 

7 

3 

7 

4 


Cl- 
12. 


I,  124 


2 
I 
I 
O 

4 
7 
2 

4 
10 
8 
7 
5 
9 
10 
6 

7 
8 
21 
10 
24 
19 
10 
30 
27 
a  30 

41 
22 
20 
22 
24 
17 
26 
28 
25 
19 
33 
19 
33 
32 
24 
26 
17 
38 
23 
23 
a  n 

15 
27 
7 
7 
19 
22 

17 
14 
17 
IS 
33 
14 
20 
18 
13 
19 
16 

O  g 

8 

12 

5 
4 
7 
3 

2 

3 


1,  131 


To- 
tal. 


6 
14 

13 

5 
17 
25 
13 
19 
29 

22 
21 
26 
22 

35 
28 
37 
19 
46 
46 
69 
56 
45 
68 

87 

94 
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75 
67 
75 
76 

55 
80 
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80 
73 
96 
72 
89 
87 
83 
76 
67 
79 
64 
46 
30 

35 
62 

20 
19 
38 
52 
38 
34 
41 
29 
68 
33 
37 
34 
30 
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43 
34 
27 

24 
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9 
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10 
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10 
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8 
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10 

15 
9 
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8 
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14 

«8 
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21 

25 

41 
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23 
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20 

29 
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16 
19 
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8 
10 
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10 
12 

7 
15 

8 

24 

9 

M 

13 

18 

8 

8 

12 
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a  I2 
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8 
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6 
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4 


Ci- 
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I 

4 
I 

2 

9 

6 

7 

12 
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11 

4 
14 

3 

12 
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36 
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33 
16 
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32 
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19 
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27 
14 
29 
28 
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26 
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24 

I  20 

13 
21 
16 
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14 
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25 
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13 
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1 

11 

4 

7 
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7 

16 

6 
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16 
22 
20 

35 
37 
29 
17 
34 

22 

41 
26 

50 
26 

54 
71 
63 
65 
61 
73 

107 
82 

121 
83 
75 
81 

95 
52 
69 
97 
89 
75 
117 
74 
64 
83 
74 
60 

77 
64 
67 

57 
45 
34 
46 

41 
49 
60 
44 
56 
45 
70 
32 
57 
35 
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35 
29 
22 
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IS 
21 

12 


3,593 


1.  197 


Heavy  irrigation. 
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24 
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17 

25 
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22 
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12 
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10 
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14 

7 
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18 
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8 

8 

10 

11 

10 

10 

4 

5 

6 

4 

7 

4 
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2 
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8 

10 

9 

5 
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9 

10 

10 
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4 

15 

6 
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28 
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18 
21 
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27 
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26 

27 
a  26 
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17 
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42 
33 
25 
34 
28 
28 
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35 
20 
29 
29 
30 
10 
20 
23 
26 
25 

33 
33 
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19 
33 
18 
16 
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16 
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14 
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26 

21 

12 

9 
9 
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2 

7 
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23 
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2S 
26 
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17 
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18 

12 
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11 
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13 
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17 
24 
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28 
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22 
21 
23 
26 
42 
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39 
28 
43 
61 
66 
57 
64 
83 
72 
72 
113 
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69 

74 
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51 
63 
83 
86 
66 
79 
74 
73 
93 
77 
68 

67 

58 
74 
38 
42 
5S 
S7 
47 
36 
68 
76 
38 
42 
70 
42 
52 
50 
40 
45 
33 
57 
46 
40 
26 
22 
13 
II 
II 
10 
16 

12 


3.444 


1.  148 


°  Iirigation  date. 


Mar.  24, 15.23  Summer  Irrigation  of  Pima  Cotton  939 


Ewing  8  found  in  comparing  the  flowering  curves  of  Trice  cotton,  from 
one  plot  on  rich  soil  and  another  plot  on  poor  soil,  that — 

the  same  daily  fluctuation  in  the  flowering  curve  is  noticeable  in  the  two  situations, 
and  the  most  pronounced  difference  is  in  the  height  of  the  flowering  curve. 

This  would  agree  with  the  results  shown  in  figure  2,  although  instead  of 
the  soil  being  different  the  moisture  supply  was  varied  in  our  experiment, 
and  as  the  moisture  did  not  appreciably  influence  the  rate  of  flowering 
the  curves  are  not  very  different. 

That  the  number  of  flowers  per  day  was  not  noticeably  affected  by 
irrigation  will  be  apparent  from  the  diagram  (fig.  4),  which  gives  the 
daily  flower  production  and  the  dates  of  irrigation  for  the  three  borders 
of  series  II.  The  behavior  of  the  plants  in  this  series  is  regarded 
as  sufficiently  representative  of  the  other  two  series.  There  was  no 
consistent  behavior  in  either  higher  or  lower  rates  of  flowering  at  any 
regular  interval  after  irrigation.  This  is  in  direct  contrast  to  a  common 
belief  in  the  irrigated  valleys  of  the  Southwest  that  fewer  flowers  are 
produced  for  a  few  days  after  each  irrigation,  but  no  such  relation  is 
shown  in  the  curves  of  figure  4. 

It  is  recognized  that  the  physical  condition  and  size  of  the  plants, 
fertility  of  the  soil,  and  the  amount  of  available  moisture,  undoubtedly 
are  factors  which  limit  the  number  of  flowers  produced;  but  from  the 
data  presented  in  figure  3  and  figure  4,  it  seems  that  other  influences  not 
yet  identified  must  determine  whether  the  numbers  of  flowers  on  parti- 
cular days  shall  be  relatively  high  or  low;  and  since  it  is  possible  to 
predict  when  a  bud  will  flower  one  day  and  sometimes  two  days  before- 
hand, it  is  evident  that  the  determining  influences  are  effective  at  least 
several  days  in  advance. 

SHEDDING  OF  YOUNG  BOLLS 

The  shedding  of  young  bolls  began  on  July  14,  but  up  to  July  29  the 
rate  was  almost  negligible,  amounting  to  less  than  1  shed  boll  per  day 
for  every  50  plants.  A  higher  rate  occurred  during  most  of  August,  the 
highest  number  falling  on  August  12,  but  an  average  of  the  period  when 
the  maximum  shedding  occurred  showed  less  than  1  shed  boll  per  day 
for  every  7  plants.  During  the  latter  part  of  August  and  the  first  two 
weeks  in  September  the  rate  fell  to  less  than  1  shed  boll  per  day  for  25 
plants. 

The  daily  shedding  records  for  the  25-plant  sections  are  given  in  Table 
VII,  which  gives  the  number  of  young  bolls  shed  per  day  in  each  border, 
the  total  per  day  for  all  borders,  the  total  per  border  for  the  season,  and 
the  percentage  for  each  border.9  The  age  of  the  bolls  when  the  maximum 
shedding  occurs  is  given  in  Table  VIII,  showing  the  number  of  days 
between  the  opening  of  the  flowers  and  the  shedding  of  the  young  bolls 
within  a  period  of  30  days  after  flowering,  with  the  number  of  bolls  shed 
for  each  interval  of  days  per  border  and  the  total  for  all  borders. 

8  Ewing,  E.  C  a  study  of  certain  environmental  factors  and  varietal  differences 
influencing  the  fruiting  of  cotton.  Miss.  Agr.  Exp.  Sta.  Tech.  Bui.  8,  93  p.,  40  fig.  1918.  Litera- 
ture cited,  p.  93. 

9  Diagrams  of  the  shedding  on  series  II,  including  borders  C1-9,  Ci-10,  and  C1-1 1,  from  July  14  to  Scptem- 
beris,  derived  from  the  data  in  Table  VII,  are  shown  in  figure  3,  where  they  are  used  for  purposes  of  com- 
parison with  the  flower  diagrams  and  in  relation  to  the  dates  of  irrigation. 
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Table  VII. — Numbers  of  shed  bolls  per  day  and  percentage  of  boll  shedding  for  the  season 

on  the  25-plant  section  in  each  border 


Normal  irrigation. 

Medium-heavy 
irrigation. 

Heavy  irrigation. 

Grand 

Date. 

el- 
s' 

Ci- 
9- 

Ci- 

12. 

To- 
tal. 
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4- 

Cl- 
io. 
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13- 

To- 
tal. 
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s' 
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14. 

To- 
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1 

1 

2 

2 

3 

c 

I 

1 

1 

I 

1 

3 

1 

2 

s 

I 

6 

18 

1 

I 

2 

3 

0 

a  2 

2 

3 

1 
2 

2 

3 
7 
2 

1 

3 
(0) 

1 
1 

9 

2 
3 

1 
1 

3 

I 

6 

(a) 

I 
I 
I 

(a) 
I 
2 

4 

2 

I 

3 

4 

19 

2 

1 

I 

2 

4 

I 

I 
I 
I 
4 
I 

S 
7 

4 
2 
I 
12 
S 
7 
4 
2 
2 
2 

19 

0  2 

9 

4 

1 

3 
2 
3 
8 
2 

S 

1 
1 
3 
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I 
I 
I 
7 
3 
12 

14 
10 

4 
7 
28 
10 
12 
17 
16 
12 

iO 

40 
16 
37 

5 
13 

3 

3 
15 

2 
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9 
S 
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7 
2 
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2 
1 

S 
2 
1 
6 
1 
1 
3 
0 

3 
2 
1 
2 
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0 
0 

1 

4 

26  . 

1 

2 

3 

I 
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6 

5 
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1 
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3 
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IS 
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0 
0 
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0 
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s 

I 
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1 

2 
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S 
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13 
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(a) 

1 

1 

3 

4 

2 

2 
2 

I 

I 

2 
2 
2 

4 

1 

7 
1 
2 
6 

4 
6 
3 
8 

1 
12 
3 
2 
1 
2 

9 

(a) 

4 
I 
6 

2 
1 

4 
3 
6 

4 

a  j 

2 

4 
3 
3 

2 
2 

(a) 
2 

2 
4 
4 
4 
a3 
1 
13 
3 
5 
4 
8 

4 

2 

8 

7 
2 

S 

I 
2 

3 
2 
2 
2 

2 
O  I 

I 

4 

1 
I 

3 
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10 
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10 
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5 
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10 
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12 

12 

16 

9 

32 

17 

37 

7 

28 
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8 

3 

1 

7 
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4 
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2 

I 

6 
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0 
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16 
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I 

2 

4 

2 

I 

2 
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Table  VIII. — Number  of  bolls  shed  for  each  day  after  flowering 


Number  ol  days 
after  flowering. 


1. 

2. 
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3 
9 
17 
23 
31 
32 
38 
25 

21 
14 
II 
18 

5 

5 

7 

10 

S 
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4 

6 

IS 

13 

6 

10 

6 

7 

8 

1 

7 

6 


To- 
tal. 


14 

25 

37 
36 

52 

32 
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Heavy  irrigation. 
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8 
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I 
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II 
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13 
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tal. 


1 

2 

7 

19 

15 

38 

47 

38 

40 

39 

31 

27 

21 

14 

13 

8 

13 

3 

4 

2 

3 

4 

5 

4 
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3 
4 
10 
42 
57 
98 

"4 
122 
no 
98 
80 
66 
62 
45 
32 
25 
26 
17 
17 

9 
10 

8 
11 

9 

7 

2 

8 
6 

5 
5 


No  significant  differences  appeared  in  either  the  amount  of  shedding 
per  day  or  the  total  for  the  season  as  a  result  of  the  varied  irrigation 
treatments.  A  comparison  of  the  records  in  Table  VII,  shows  that  the 
number  per  day  for  one  treatment  is  not  consistently  larger  or  smaller. 
Differences  are  shown  both  between  the  borders  that  represent  the  same 
treatment  and  between  the  series.  The  total  number  shed  for  the 
season  and  the  percentage  of  shedding  are  less  in  the  "normal"  treated 
borders,  but  this  may  not  be  significant  in  view  of  the  small  number  of 
plants  included  in  the  daily  shedding  record. 

As  can  be  seen  by  referring  to  Table  VII,  considerable  variation 
occurred  in  the  number  of  bolls  shed  from  day  to  day  throughout  all 
the  borders,  but  the  amount  of  shedding  on  certain  days  was  often 
noticeably  consistent  in  all  the  borders.  August  5,  12,  and  14  are  good 
examples  of  days  when  heavy  rates  of  shedding  occurred,  while  on  August 
3,  15,  and  20  only  a  few  bolls  were  shed.  These  variations  may  be 
analogous  to  the  regular  fluctuations  found  in  the  opening  of  the  flowers, 
which  has  been  discussed  previously,  but  the  limited  amount  of  material 
is  not  sufficient  to  use  as  a  reliable  basis  of  comparison. 

As  with  the  data  of  flowering,  efforts  were  made  to  correlate  the 
fluctuations  of  shedding  with  temperatures  and  other  factors,  but  such 
indications  were  not  consistent  enough  to  justify  discussion.  It  seems 
probable  that  several  factors  must  be  taken  into  account  in  attempting 
to  localize  and  determine  the  causes  of  shedding.  That  shedding  may 
occur  from  4  to  15  days  after  flowering  or  may  not  take  place  until 
several  days  after  the  abortion  is  induced  is  only  one  of  the  many  diffi- 
culties to  be  met. 
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Shedding  as  a  direct  effect  of  irrigation  was  not  indicated,  even  on  the 
"heavy"  borders,  although  it  is  generally  believed  that  excess  moisture 
may  cause  young  bolls  to  drop.  There  was  no  generally  higher  or 
lower  rate  of  shedding  at  any  regular  interval  after  a  border  was  irrigated. 
This  can  be  seen  in  figure  3,  or  by  a  comparison  of  the  irrigation  dates 
with  the  daily  shedding  record  in  Table  VII.  That  the  plants  retained 
their  normal  fruitful  behavior  throughout  the  experiment  instead  of  be- 
coming overgrown  is  regarded  as  responsible  for  the  lack  of  any  exces- 
sive shedding.  The  highest  shedding  rate,  15  per  cent,  occurred  on  the 
"heavy"  border  C1-5,  in  which  the  plant  growth  was  checked,  appar- 
ently by  too  much  water.  But  this  rate  of  shedding  was  nearly  equaled 
on  the  "medium-heavy"  border  Ci-10,  which  showed  no  abnormal 
behavior. 

The  length  of  the  period  between  the  date  of  flowering  and  the  date  of 
shedding  of  young  bolls  was  found  to  fluctuate,  with  no  indication  of 
being  affected  by  irrigation  as  applied.  It  is  shown  in  Table  VIII  that 
82  per  cent  of  the  shedding  occurred  between  4  and  14  days  after  the 
flowers  opened,  with  a  maximum  8  days  after  flowering  and  10.8  days 
as  the  average  age  of  shed  bolls.  That  so  little  shedding  occurred  until 
several  days  after  flowering  is  of  interest  and  would  agree  with  results 
published  by  Lloyd  10  for  Upland  varieties,  who  found  that  "abscission 
is  inhibited  during  anthesis,"  but  there  are  differences  between  the  Up- 
land and  Egyptian  types  with  respect  to  the  time  of  maximum  shedding. 
Lloyd  found  under  field  conditions  in  Alabama  that  the  period  of  greatest 
shedding  of  young  bolls  was  from  4  to  8  days  after  flowering  and  that 
"the  age  at  which  bolls  were  shed  in  maximum  numbers  was  5  to  6 
days,"  while  his  figures  show  that  the  average  period  of  persistence  was 
about  6  days.  Thus  there  are  definite  indications  that  Upland  bolls  shed 
earlier  in  Alabama  than  Pima  bolls  in  Arizona. 

In  1918  Mr.  C.  J.  King,  of  the  Bureau  of  Plant  Industry,  found  the 
mean  period  of  persistence  of  shed  bolls  in  Pima  cotton  at  Phoenix, 
Ariz.,  to  be  10.3  days  after  flowering,11  which  is  in  close  agreement  with 
the  period  of  10.8  days  obtained  in  our  experiment  at  Sacaton. 

Under  Sacaton  conditions,  the  Egyptian  cotton  differs  notably  from 
the  Upland  varieties,  which  often  shed  a  large  proportion  of  their  buds 
before  flowering.  This  was  especially  noticeable  in  1920,  when  two 
Upland  varieties,  Durango  and  Lone  Star,  were  compared  with  Pima 
cotton.  Until  the  latter  part  of  the  flowering  season  the  great  majority 
of  the  squares  produced  on  the  Upland  plants  were  dropped,  while  the 
adjoining  border  of  Pima  cotton  lost  very  few  squares.  As  in  the  irri- 
gation experiment,  the  shedding  which  took  place  in  the  Pima  border 
was  almost  entirely  of  young  bolls.  Lloyd  found  in  Alabama  that  about 
50  per  cent  of  the  shedding  in  the  Upland  varieties  consisted  of  squares. 

Factors  which  caused  shedding  in  the  experiment  were  probably  of  a 
general  nature,  as  the  percentage  of  shedding  was  practically  the  same 
throughout  the  Pima  cotton  on  the  station  that  was  receiving  a  normal 
treatment.  Less  shedding  occurred  than  usual,  which  may  be  ascribed 
to  the  lack  of  heavy  summer  rains,  the  few  rains  being  too  slight  to  affect 
the  amount  of  shedding.     Lack  of  fertilization  of  the  flowers  caused 

10  Lloyd,  Francis  E.    the  abscission  of  flower-buds  and  fruits  m  gossypium,  and  its  relation  to 

Environmental  changes.    In  Trans.  Roy.  Soc.  Canada,  ser.  3,  v.  10,  sect.  4,  p.  55-61.     1916. 

environmental  changes  and  their  effect  upon  boll-shedding  in  cotton.    In  Ann.  N.  Y. 

Acad.  Sci.,  v.  29,  p.  1-131,  26  fig.     1920.     Literature,  p.  129-131. 

11  King,  C  J.    water-stress  behavior  of  pima  cotton  in  Arizona.   U.  S.  Dept.  Agr.  Bui.  1018.    p.  15. 

1922. 
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little,  if  any,  loss,  as  bees  and  wasps  were  numerous  in  the  fields  at  all 
times  and  pollination  was  usually  accomplished  soon  after  a  flower 
opened.  Injurious  insects  were  noticeably  absent  and  none  of  the  shed 
bolls  were  found  to  be  damaged. 

INDICATION  OF  OVERWATERING 

It  became  apparent  about  August  18  that  the  plants  in  the  "heavy" 
border  in  series  I  were  in  distress.  Growth  had  practically  stopped,  and 
the  rate  of  flowering  showed  a  distinct  decline.  Many  of  the  lower  leaves 
were  dying  and  dropping  off,  and  the  other  leaves  had  an  unnatural 
yellowish  green  color.  This  usually  would  be  taken  as  a  sign  of  urgent 
need  of  water,  but  since  the  soil  was  obviously  wet,  even  on  the  surface, 
that  explanation  would  not  serve.  This  border  was  not  irrigated  with 
the  other  "heavy"  borders  on  August  23.  No  indication  of  a  similar 
condition  could  be  found  in  the  "heavy"  borders  in  series  II  and  III, 
although  up  to  this  time  they  had  received  the  same  irrigation  treatment. 

In  view  of  the  fact  that  no  similar  behavior  was  found  on  the  adjacent 
borders  or  elsewhere  on  the  station,  it  seems  probable  that  excess  moisture 
was  causing  the  distress  in  border  C1-5,  because  of  some  peculiarity  of  the 
soil  in  series  I,  which  resulted  in  a  lower  water  requirement.  A  comparison 
between  the  number  of  irrigations  on  the  "normal"  border  in  series  I  and 
the  "  normal "  borders  in  series  II  and  III  shows  that  series  I  required  only 
half  as  many  irrigations.  Thus  the  same  effects  as  the  irrigation  of  the 
"heavy  "  border  in  series  I  every  10  days  might  have  been  obtained  in  the 
"heavy"  borders  of  series  II  and  III  by  irrigation  at  5-day  intervals. 

The  affected  border  was  irrigated  on  September  3 ,  as  the  plants  showed 
wilting  in  the  forenoon  although  the  ground  still  appeared  moist.  A 
crippled,  or  partially  destroyed  root  system  may  possibly  have  been 
responsible  for  this  wilting,  which  ceased  after  more  water  was  given. 
On  September  8  it  was  noted  that  the  plants  had  improved  in  color  and 
later  that  the  color  had  continued  to  improve  so  that  only  a  slight 
difference  could  be  detected. 

However,  the  setback  this  border  had  received  was  very  noticeable 
and  its  recovery  was  too  late  to  make  good  the  handicap  it  had  received, 
as  can  be  seen  from  the  plant  growth  data  (fig.  2)  and  the  picking  record 
(Table  IX). 

YIELD 

The  record  of  seed  cotton  picked  from  each  border  is  shown  in  Table 
IX,  which  also  gives  the  number  of  plants  per  row  and  the  number  with 
vegetative  branches.  Four  pickings  were  made,  and  the  cotton  from  each 
row  was  weighed  and  recorded  separately  so  as  to  allow  an  accurate 
evaluation  of  differences. 

From  Table  IX  it  can  be  seen  that  the  total  seed  cotton  from  the 
"normal"  border  in  series  I  was  340.6  pounds,  from  the  "medium- 
heavy"  border  392.7  pounds,  and  from  the  "heavy"  border  280.4 
pounds.  In  series  II  the  "normal"  border  yielded  267.5  pounds,  the 
"medium-heavy"  border  274.9  pounds,  and  the  "heavy"  border  265.9 
pounds.  From  series  III,  the  "normal"  border  totaled  254.3  pounds, 
the  "medium-heavy"  border  294.6  pounds,  and  the  "heavy"  border 
302.2  pounds. 

As  shown  in  the  foregoing  data,  the  yields  of  seed  cotton  from  the 
differently  treated  border  varied  to  a  considerable  extent,  but  with  no 
consistence  in  regard  to  treatment.     The  greater  fertility  of  the  soil  is 
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responsible  for  the  larger  yields  in  series  I.  For  reasons  already  explained 
the  comparatively  poor  showing  of  the  "heavy"  border  C1-5  was 
ascribed  to  overirrigation  and  resultant  checking  of  the  plants.  The 
yields  per  border  of  series  II  are  not  significantly  different.  In  series  III 
the  yields  of  the  "heavy"  and  "medium-heavy"  borders  are  almost  the 
same,  but  considerably  more  than  that  of  the  "  normal "  border.  Hence  it 
is  believed  that  the  heterogeneity  of  the  soil  of  the  borders  used  for  the 
experiment  was  responsible  for  the  fluctuations  rather  than  the  varying 
irrigation  treatments. 

From  the  evidence  obtained  by  a  comparison  of  the  yields  of  all  the 
borders,  and  making  allowances  for  the  "heavy"  border  C1-5,  it  may  be 
stated  that  the  "normal"  irrigation  produced,  on  the  average,  about  30 
pounds  less  seed  cotton  per  border  than  either  the  "medium-heavy"  or 
"heavy"  irrigation,  but  that  between  the  latter  two  no  differences 
developed.  This  lower  average  yield  of  the  "normal"  borders  indicates 
that  this  treatment  may  be  under  irrigation.  In  previous  seasons  one  of 
the  "normal"  borders,  Ci-12,  had  yielded  better  than  Ci-13  and  Ci-14. 


Table  IX. — Pounds  of  seed  cotton 

per  border  and  pounds  per  row  J 

or  each 

picking 

Border. 

Row 

First 
picking, 
Sept.  17. 

Second 
picking, 
Oct.  14. 

16.8 

Third 
picking, 
Nov.  15. 

Fourth 
picking, 
Dec.  8. 

Total. 

Plants 
per  row. 

Plants 
with  veg- 
etative 
branches. 

C1-3,  "Normal" 

1 

7-3 

14.4 

6.  1 

44.6 

240 

96 

2 

10.  1 

23-3 

16.5 

6.  I 

56.0 

256 

112 

3 

9-5 

18.  2 

15-  1 

6-3 

49.  1 

241 

IO9 

4 

8-3 

16.  O 

J5-5 

7-  1 

46.9 

207 

79 

5 

7-3 

17-3 

14.8 

8.4 

47-8 

283 

in 

6 

8.0 

14.  6 

18.7 

8-3 

49.6 

181 

70 

7 

6.9 

17.  2 

15-2 

7-3 

46.6 

245 

98 

Total 

57-4 

123.4 

no.  2 

49.6 

340.6 

I.6S3 

675 

C1-4/' Medium-heavy  ". 

1 

5-o 

14.4 

18.  2 

7-3 

44.9 

287 

100 

2 

8.6 

20.  5 

21.  0 

10.  1 

60.  2 

218 

82 

3 

9.  1 

18.8 

21.  0 

11.  8 

60.  7 

258 

9i 

4 

8.  1 

25.6 

20.  0 

n.  1 

64.8 

224 

114 

5 

7-4 

18.0 

19.  0 

10.  9 

55-3 

296 

97 

b 

6.0 

14.8 

21.  0 

12.8 

54-6 

239 

118 

7 

6.4 

16.  2 

20.  0 

9.6 

52.  2 

253 

88 

Total 

50.6 

128.3 

140.  2 

73-6 

392-7 

i,775 

609 

Ci-5,  "Heavy" 

1 

4.4 

10.  7 

16.  0 

6.2 

37-3 

210 

57 

2 

5-o 

14.7 

18.0 

8.0 

45-7 

292 

90 

3 

5-o 

12.3 

16.  0 

6-5 

39-7 

231 

92 

4 

5-i 

12.  1 

15.0 

5-9 

38.1 

250 

59 

5 

4.6 

12.8 

14.  0 

5-6 

37- 0 

239 

85 

6 

9.  1 

16.  9 

17.0 

6.7 

49-  7 

239 

78 

7 

4.  2 

10.  9 

12.  0 

5-8 

32-9 

285 

79 

Total 

37-4 

9°-3 

108.  0 

44-  7 

280.  4 

1,746 

540 

C1-9,  "Normal" 

1 

1.9 

15- 1 

12.  0 

6.6 

35-6 

255 

92 

2 

3-2 

17.  1 

15-0 

6.8 

42.  1 

256 

74 

3 

4.9 

14.9 

14.  0 

6.4 

40.  2 

232 

86 

4 

3-5 

15- 9 

14.  0 

8.  1 

4i-5 

3i7 

72 

5 

3-  1 

16.  S 

12.  0 

7.0 

38.6 

235 

78 

6 

4.0 

15.0 

9.0 

4-  7 

32-7 

264 

58 

7 

4-5 

16.  0 

12.  0 

4-3 

36.8 

260 

67 

Total 

25-  J 

no.  s 

88.0 

1,819 

527 

■- 

4j-  y 

-"/•  j 
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Table  IX. — Pounds  of  seed  cotton  per  border  and  pounds  per  rowf or  each  picking — Con. 


Border. 

Row 

First 
picking, 
Sept.  17. 

Second 
picking, 
Oct.  14. 

Third 
picking, 
Nov.  15. 

Fourth 
picking, 
Dec.  8. 

Total. 

Plants 
per  row. 

Plants 
with  veg- 
etative 
branches. 

Ci-10,     "  Medium. 

I 

2.  8 

14.  I 
14.  6 

II.  O 

5-9 

7.2 

33-8 
36-7 

256 

271 

89 
90 

2 

2.9 

12.  O 

3 

4-5 

16.3 

i5- 1 

6.4 

42.3 

249 

56 

4 

4.4 

15.2 

10.  0 

7.0 

36.6 

227 

73 

5 

3-  1 

14.  0 

14.  0 

7.2 

38.3 

233 

57 

6 

4.  2 

17.9 

16.  0 

9.2 

47-3 

2  54 

49 

7 

3-2 

15- 2 

13-5 

8.0 

39-9 

283 

56 

Total 

25-1 

107.3 

91.  6 

5°-9 

274.9 

1,773 

470 

Ci-ii,  "Heavy" 

1 

3-3 

i3-  1 

iS- 5 

5-3 

37-2 

232 

68 

2 

3-° 

13-5 

14.  1 

5-5 

36.  1 

206 

7i 

3 

3-2 

13.8 

17.  2 

4.9 

39-  1 

231 

74 

4 

3-° 

13.6 

16.  1 

8.4 

41.  1 

239 

64 

5 

2.9 

13.6 

16.8 

6.  1 

39-4 

264 

56 

6 

3-6 

14.4 

13-7 

6.  1 

37-8 

232 

7i 

7 

2.4 

11.  6 

14.7 

6-5 

35-2 

258 

59 

Total 

21.  4 

93-6 

108.  1 

42.8 

265.9 

1,  662 

463 

Ci-12,  "Normal" 

1 

4-3 

15.0 

12.  0 

4-9 

36.2 

272 

48 

2 

4-  1 

17.4 

11.  8 

5-4 

38.7 

248 

53 

1 
0 

3-o 

14.4 

ii- 5 

4-7 

33-6 

245 

52 

4 

3-8 

16.  4 

9-7 

5-  1 

35- 0 

261 

52 

5 

3-5 

14-3 

10.  0 

4-  1 

3!-9 

225 

39 

6 

4.0 

19.  1 

12-5 

5-o 

40.  6 

262 

54 

7 

4.4 

15-  9 

10.  9 

7-  1 

38.3 

241 

61 

Total 

27.  1 

112.  5 

78.4 

36.3 

254-3 

1.754 

359 

Ci-13,    "  Medium- 

1 

3-4 
3-8 

16.8 

14-5 
12.  9 

7.  2 

41.9 

38.2 

295 
252 

44 
56 

2 

i5-  5 

6.0 

3 

4.6 

17.9 

iS- 5 

6.0 

44.0 

250 

63 

4 

4-5 

15.2 

i5-3 

4-7 

39-7 

273 

54 

5 

6.0 

18.  1 

14.  2 

5-9 

44.  2 

265 

61 

6 

6.2 

17.4 

14.7 

6.0 

44-3 

271 

46 

7 

4.  2 

iS-4 

16.8 

5-9 

42-3 

270 

55 

Total  

32-7 

116.  3 

103.9 

41.7 

294.6 

1,876 

379 

Ci-14,  "Heavy" 

1 

6.  1 

14.  6 

16.  9 

7.8 

45-4 

269 

39 

2 

4-3 

16.  0 

i5-S 

8-3 

44.  1 

247 

3i 

3 

4.6 

16.  1 

17.  1 

9.0 

46.8 

269 

5° 

4 

4.6 

13-9 

16.8 

6-5 

41.8 

228 

74 

5 

5-i 

13-5 

18.  1 

8.4 

45-i 

274 

52 

6 

5-  1 

13-9 

17.7 

8.  9 

45-6 

262 

54 

7 

4-8 

11.  7 

10.  9 

6.0 

33-4 

250 

48 

Total 

34-6 

99-7 

113.  0 

54-9 

302.  2 

i,799 

348 

A  general  agreement  was  found  throughout  pickings  of  the  different 
treatments,  the  largest  picking  of  the  "normal"  borders  was  always  the 
second,  that  of  the  "heavy"  borders  the  third,  while  from  the  "medium- 
heavy"  borders  the  second  and  third  pickings  were  about  equal.  It 
seems  that  the  effect  of  more  frequent  applications  of  water  tended  to 
the  later  maturity  of  the  crop. 
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CONCLUSIONS 

Recognizing  summer  irrigation  as  a  distinct  problem,  experiments 
were  conducted  at  Sacaton,  Ariz.,  to  determine  the  effects  of  different 
frequencies  of  irrigation  during  the  months  of  July  and  August  on  Pima 
Egyptian  cotton  that  had  reached  a  normal  early  fruiting  stage. 

Nine  irrigated  plots  or  "borders"  were  arranged  in  three  series, 
affording  three  independent  tests  of  contrasted  irrigation  treatmemts. 
Bach  series  included  a  "normal"  border  irrigated  according  to  the  usual 
practice  of  applying  water  as  indicated  by  the  behavior  of  the  plants, 
a  "heavy"  border  receiving  irrigations  at  frequent  intervals,  and  a 
"medium-heavy"  border  receiving  an  intermediate  irrigation  treatment. 

The  behavior  of  the  plants  in  each  of  the  borders  was  observed  and 
compared,  and  the  data  of  the  principal  features,  including  growth, 
flowering,  shedding  of  young  bolls,  and  yields,  were  recorded  through 
the  season. 

As  a  general  result  of  the  experiment  it  was  determined  that  the 
different  frequencies  of  irrigation,  after  the  plants  had  reached  a  normal 
fruiting  stage,  did  not  cause  any  consistent  significant  difference  in  the 
growth  of  the  plants,  or  in  the  yields. 

No  consistently  different  rates  of  flowering  or  of  shedding  of  young 
bolls  resulted  from  any  of  the  different  kinds  of  treatment. 

A  wide  range  in  the  daily  flowering  production  occurred,  there  being 
days  when  all  borders  had  large  numbers  of  flowers  and  days  when  all 
borders  had  a  few  flowers.  The  rate  of  shedding  of  young  bolls  also 
varied  from  day  to  day,  though  on  only  a  few  days  was  there  a  consistent 
behavior  throughout  all  the  borders.  No  correlation  between  these 
fluctuations  and  factors  which  might  be  supposed  to  influence  this 
phenomenon  could  be  definitely  established. 

No  consistent  increase  or  decrease  at  a  regular  interval  after  an  irri- 
gation was  found,  either  in  the  flowering  or  in  the  shedding  of  young 
bolls. 

Shedding  of  young  bolls  was  greatest  from  4  to  14  days  after  flowering, 
the  interval  varying  only  slightly  between  borders.  The  shedding  of 
flower  buds,  or  "squares,"  was  almost  negligible  throughout  the  ex- 
periment. 

Plant  development  was  checked  and  other  symptoms  of  distress  ap- 
peared in  one  of  the  three  heavily  irrigated  borders,  apparently  from  an 
excess  of  water. 

The  yields  varied  in  the  differently  treated  borders,  but  from  hetero- 
geneity of  the  soil  rather  than  from  the  different  frequencies  of  irrigation 
or  in  the  loss  of  bolls  by  shedding. 

The  experiment  indicates  the  importance  of  giving  more  attention  to 
the  spring  treatment  of  cotton,  so  as  to  have  the  plants  in  a  normal 
fruiting  condition  when  summer  irrigations  begin.  When  this  normal 
fruiting  condition  is  attained,  the  summer  irrigation  problems  are 
simplified,  since  the  plants  are  not  so  easily  forced  into  rank  growth  by 
the  application  of  water  in  excess  of  the  actual  requirements. 


PERMANENCE  OF  VARIETY  IN  THE  POTATO1 

By  Fred  A.  Krantz2 
Division   of  Horticulture,    Minnesota   Agricultural   Experiment   Station 

The  practice  of  selection  within  the  clone  in  order  to  maintain  and 
improve  the  productivity  and  quality  of  potato  varieties  is  of  compara- 
tively recent  origin.  In  the  early  period  of  potato  improvement,  hy- 
bridization with  subsequent  selection  of  the  most  promising  seedlings 
was  the  method  employed.  The  practice  of  vegetative  selection  is 
founded  for  the  most  part  on  the  success  of  numerous  attempts  to  iso- 
late high-yielding  and  low-yielding  strains.  Many  investigators  con- 
sider that  the  greatest  benefit  to  be  derived  from  selection  is  the  main- 
tenance of  the  optimum  vigor  of  the  variety,  while  other  investigators 
believe  that  the  results  indicate  the  presence  of  inherited  differences 
within  the  variety  and  have  therefore  considered  selection  to  be  of 
value  in  the  improvement  of  varieties.  Recent  advances  in  the  knowl- 
edge of  certain  diseases  hitherto  unrecognized  have  thrown  considerable 
doubt  upon  the  correctness  of  the  latter  interpretation.  This  study 
has  for  its  primary  object  a  determination  of  the  effect  upon  the  variety 
of  selection  as  practiced  by  growers  and  a  determination  of  the  stability 
of  regional  differences,  when  the  disease  factor  is  eliminated. 

REVIEW  OF  LITERATURE 

The  older  theory  suggested  by  Knight  (io)3  and  Aitken  (i)  of  varietal 
senility  has  given  place  to  that  of  the  deterioration  of  seed  stock.  Since 
selection  has  for  one  of  its  primary  objects  the  prevention  of  this  deterior- 
ation, a  brief  historical  review  of  these  theories  will  be  of  interest. 

As  early  as  1787  William  Marshall  (12),  writing  from  England,  reported 
that  potato  varieties  were  transitory  in  each  district.  He  noted  that  the 
declining  varieties  were  characterized  by  curled  tops.  Cathcart  (j) 
quotes  Stephens'  (79)  "  Book  of  the  Farm  "  as  authority  for  the  statement 
that  the  condition  of  curl  was  first  observed  in  1764.  Marshall  (12) 
considered  curl  to  be  due  to  varietal  senility,  as  it  was  noted  that  new 
varieties  secured  from  seed  were  not  subject  to  this  condition.  The 
following  statement  by  Knight  (9),  in  1807,  indicates  the  transitory 
nature  of  potato  varieties  at  that  time. 

Dr.  Hunter  [8]  in  his  Georgical  Essay,  I  think,  has  limited  the  duration  of  a  variety 
in  a  state  of  perfection  to  about  fourteen  years;  and  probably  taking  varieties  in  the 
aggregate,  and  as  the  plant  is  generally  cultivated,  he  is  nearly  accurate. 

1  Accepted  for  publication  Feb.  i  =;,  19-^-  Paper  298  of  the  Journal  Series  of  the  Minnesota  Agricultural 
Experiment  Station,  published  with  the  approval  of  the  Director. 

'The  experiment  was  originated  by  A.  W.  Aamodt,  who  collected  the  original  lots  of  potatoes,  took 
descriptive  data,  and  supervised  the  planting  in  the  spring  of  191 7.  The  work  was  carried  on  under  the 
supervision  of  Richard  Wellington  from  the  time  of  its  inception  until  the  spring  of  1919.  Thanks  are  due 
to  O.  I.  Bergh,  of  the  North  Central  Substation,  Grand  Rapids,  Minn.,  Mark  Thompson,  of  the  Northeast 
Substation,  Duluth,  Minn.,  and  Thomas  MtCall,  of  the  Northwest  Substation,  Crookston,  Minn.,  for 
their  cooperation. 

*  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  9^0-961. 
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In  a  previous  publication  ( 10) ,  Knight  had  put  forward  the  theory  of 
varietal  senility,  although  he  did  not  lay  special  emphasis  on  the  potato. 
His  hypothesis  was  that  all  plants  propagated  vegetatively  have  their 
period  of  maximum  vigor  when  at  middle  age  and  then  become — 

subject  within  no  very  distant  period  to  the  debilities  and  diseases  of  old  age. 

Aitken  (/)  applied  the  hypothesis  to  potatoes  in  1837,  and  it  was 
accepted  by  many  later  writers.  Ehrenburg  (6),  in  1904,  after  reviewing 
the  work  of  previous  investigators,  concluded  that  the  idea  of  varietal 
senility  was  untenable.  East  (4),  in  1908,  came  to  a  similar  conclusion 
and  notes — 

that  the  people  who  have  considered  this  single  question  are  unanimous  in  opposition 
to  the  hypothesis  of  varietal  senility. 

Ehrenberg  (6)  considered  that  the  hypothesis  of  the  deterioration  of 
seed  stocks  being  due  to  unfavorable  environment  has  some  basis  for  its 
support.  East  (4)  regarded  disease  as  the  most  important  factor  to  be 
considered  in  connection  with  the  degeneracy  or  running-out  of  seed 
stocks.  Orton  (15),  in  1914,  called  attention  to  the  so-called  degener- 
ative diseases  of  "mosaic,"  "curly-dwarf,"  and  "leafroll"  and  to  the 
probable  part  these  diseases  play  in  the  running-out  of  seed  stocks.  The 
general  distribution  of  these  diseases  and  their  harmful  effect  on  the 
vigor  of  the  plant,  which  has  been  brought  out  by  later  investigators — 
Stewart  (20),  Appel  (2),  Melhus  (13),  Murphy  (14,  p.  33-82),  Gtissow  (7), 
Wortley  (30),  Shultz,  Folsom,  Hildebrandt  and  Hawkins  {if),  Quanjer 
(16),  Shultz  and  Folsom  (17),  Krantz  and  Bis  by  (11) — has  made  it 
increasingly  clear  that  the  so-called  running-out  of  seed  is  probably 
nothing  more  than  a  manifestation  of  these  diseases. 

Very  little  attention  was  paid  to  the  possibility  of  improving  varieties 
by  means  of  asexual  selection  previous  to  the  latter  half  of  the  nineteenth 
century.  It  has  apparently  never  been  considered  worthy  of  serious 
attention  by  investigators  in  the  British  Isles.  Sutton  (22),  in  1899, 
and  Wilson  (29),  in  1907,  in  their  discussion  on  the  improvement  of 
potatoes  have  expressed  their  belief  that  the  seedling  was  a  finished  pro- 
duct and  that  further  selection  was  of  no  value  in  its  improvement.  On 
the  Continent  and  in  the  United  States  and  Canada  numerous  inves- 
tigators have  attempted  to  ascertain  its  value.  The  meagerness  of  de- 
tails in  most  of  the  earlier  published  reports  on  selection  experiments 
makes  them  of  little  value  in  determining  the  place  that  selection  occu- 
pies in  the  improvement  of  the  potato.  The  most  important  papers  on 
the  value  of  selection  have  been  reviewed  by  East  (4),  in  1908,  and 
more  recently  by  Stuart  (21),  in  19 15.  East  (4),  after  reviewing  the  work 
of  previous  investigators,  pointed  out  that  the  evidence  was  inconclusive 
and  called  attention  to  the  influences  which  tended  to  obscure  the  results 
obtained  by  these  investigators.  Waid  (24),  in  1907,  at  the  annual 
meeting  of  the  American  Breeders  Association  reported  the  results  of 
studies  on  hill  selection  of  seed  potatoes.  The  results  showed  quite 
clearly  that  the  progeny  of  low-yielding  hills  remained  unproductive  in 
comparison  to  the  progeny  of  high-yielding  hills.  The  favorable  results 
reported  in  this  work  caused  considerable  emphasis  to  be  placed  on  this 
method  of  improvement.  The  following  year  Webber  (25)  put  forward 
a  method  of  selection,  known  as  the  tuber-unit  method,  which  has  re- 
ceived considerable  attention.  East  (5),  in  19 10,  suggested  that  Waid's 
results  might  have  been  influenced  by  the  size  of  the  seed  piece  used  and 
the  fact  that  Waid  might  not  have  been  dealing  with  a  pure  strain,  as  he 
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apparently  used  a  commercial  stock.  East  found  no  difference  in  yield 
between  the  progeny  of  high  and  low-yielding  hills  in  stock  which  was 
obtained  from  a  single  tuber  of  the  Rural  New  Yorker  variety.  He 
believes  that  great  caution  should  be  exercised  in  recommending  asexual 
selection  to  commercial  growers  as  a  means  of  actual  improvement  of  the 
crop,  in  view  of  the  facts  that  of  many  investigations  on  the  point  no 
indisputable  evidence  of  improvement  has  been  reported  and  that  even 
the  questionable  instances  of  positive  results  are  extremely  rare. 

Stuart  (21)  reported  in  19 15  the  results  obtained  in  some  rather  exten- 
sive studies  on  the  value  of  the  tuber-unit  and  hill-selection  methods  as 
a  means  of  potato  improvement.  Remarkable  dissimilarities  were  found 
between  individuals  under  both  the  tuber-unit  and  the  hill-selection 
methods.  Stuart  did  not  attempt  to  explain  the  cause  of  the  differences 
further  than  to  point  out  that  in  certain  instances — 

other  causes  than  that  of  inherent  unproductiveness  must  have  operated  to  lower  the 
yield, 

and  states — 

that  the  tuber  unit  method  and  hill  selection  method  of  improvement  are  chiefly 
valuable  in  pointing  out  the  weak,  unproductive,  and  diseased  tuber. 

Stewart  (20)  in  his  observations  on  some  degenerate  strains  of  potatoes 
states  that — 

it  is  doubtful  if  any  method  of  seed  selection  will  prevent  the  "running-out"  of  seed 
potatoes  under  certain  conditions. 

In  a  recent  article  Whipple  (27)  has  published  the  results  of  five  years ' 
work  in  pure-line  selection.  He  calls  attention  to  the  persistency  with 
which  degenerate  types  (curly-dwarf)  appear  in  pure  lines  and  the  con- 
sequent difficulty  of  interpreting  yield  data.  Similar  experiences  have 
been  recorded  by  Wellington  (26)  in  a  paper  in  which  he  points  out  the 
uselessness  of  hill  selection  under  conditions  where  rapid  deterioration  or 
running-out  is  prevalent.  The  deterioration  mentioned  by  Wellington 
was  expressed  by  the  production  of  the  so-called  "curly-dwarf"  type  of 
plants.  This  was  later  found  by  Krantz  and  Bisby  (11)  to  be  due  to  a 
disease  very  similar  in  its  nature  to  mosaic  and  is  probably  nothing  more 
than  a  severe  expression  of  this  disease. 

A  few  experiments  have  been  conducted  to  test  the  effect  of  asexual 
selection  on  characters  other  than  yield.  The  results  of  a  carefully  con- 
ducted experiment  for  the  purpose  of  determining  the  effect  of  selection 
for  high  and  low  nitrogen  content  was  reported  by  East  (5)  in  1910.  No 
difference  in  nitrogen  content  was  found  during  three  years  of  continuous 
selection.     In  conclusion  East  says — 

that  neither  the  relative  content  of  dry  matter  nor  that  of  nitrogenous  matters  of  the 
potato  can  be  changed  by  the  selection  of  fluctuations. 

In  attempting  to  isolate  a  blight-resistant  strain  of  potatoes  Stuart  (21) 
obtained  indifferent  results.  After  selecting  for  three  years  to  improve 
the  form  of  the  White  McCormick  variety,  White  (28)  concluded  that 
no  improvement  could  be  secured  in  this  variety  through  selection.  As 
previously  mentioned,  Stewart  (20)  and  Wellington  (26)  were  unsuccessful 
in  trying  to  isolate  a  strain  of  potatoes  resistant  to  factors  causing  degen- 
eracy. 

The  evidence  presented  does  not  offer  much  encouragement  to  the 
plant  breeder  for  the  use  of  asexual  selection  for  improving  the  potato. 
The  opportunity  that  the  mechanism  of  sexual  reproduction  offers  for 
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the  segregation  and  recombining  of  characters  makes  the  method  of 
hybridization  with  the  subsequent  selection  of  seedlings  a  more  promising 
method  for  potato  improvement.  It  has  frequently  been  assumed  that 
sufficient  variation  existed  in  all  varieties  to  justify  the  grower  in  attempt- 
ing improvement  by  asexual  selection. 

METHODS  AND  MATERIALS 

In  the  fall  of  19 17  six  lots  of  Early  Ohio  potatoes  were  secured  from 
growers  in  different  parts  of  Minnesota.  Five  of  the  lots  were  from 
growers  who  had  practiced  little  or  no  selection.  The  sixth  was  from  a 
grower  who  has  practiced  continuous  mass  selection  of  tubers  for  vigor 
and  type  in  the  same  seed  stock  for  approximately  20  years.  In  19 19 
a  seventh  lot  of  Early  Ohios  was  obtained  from  a  grower  who  had  prac- 
ticed continuous  mass  selection  of  tubers  for  vigor  and  type  in  the  same 
seed  stock  for  21  years.  The  growers  differed  in  their  ideas  of  what 
constituted  the  ideal  type  of  the  Early  Ohio  variety  and  had  selected 
toward  divergent  types.  Attention  is  called  here  to  the  fact  that 
these  two  seed  stocks  were  known  to  be  separated  for  more  than  20 
years.  This  would  seem  to  allow  ample  time  for  strains  to  develop 
within  the  seed  stocks  if  there  was  a  tendency  for  this  condition  to  occur. 
The  various  lots  represented  distinct  regional  types  found  within  the 
state.  While  it  was  recognized  as  a  possibility  that  these  seed  stocks 
might  not  be  asexual  progeny  of  the  same  variety,  it  was  still  considered 
that  a  study  of  them  would  be  of  interest  in  determining  the  value  of 
selection  as  practiced  by  the  growers. 

EFFECT  OF  SELECTION  AND  ENVIRONMENT  ON  THE   POTATO   PLANT 

EFFECT   ON   PRODUCTIVITY 

Results  are  presented  in  Table  I  showing  the  original  source  of  the 
seed  stock,  the  years  in  which  the  lots  were  tested,  and  their  yield  for 
each  year  at  the  places  tested.  The  exact  number  of  years  the  seed  stock 
was  grown  at  the  place  from  which  it  was  obtained  is  not  definitely  known, 
further  than  that  lots  2  and  9  were  grown  at  the  places  indicated  for  20 
or  more  years. 

The  191 7  test  was  carried  on  at  University  Farm,  Duluth,  Grand 
Rapids,  and  Crookston.  The  yields  as  presented  in  Table  I,  column 
III,  are  computed  on  the  acre  basis.  The  actual  plot  grown  for  each  lot 
and  locality  consisted  of  a  4-rod  row  plot.  The  experimental  error  in 
such  a  test  is  large  and  the  yield  differences  of  the  six  lots  grown  are 
probably  not  significant  as  no  lot  was  a  consistent  high  or  a  consistent  low 
yielder.  In  column  IV  are  shown  the  results  of  the  yields  for  19 18. 
These  yields  represented  plots  of  three  4-rod  rows  computed  to  the  acre 
basis.  The  three  4-rod  rows  represent  seed  stocks  of  each  lot  from  three 
places — Duluth,  Grand  Rapids,  and  Crookston.  The  results  are  similar 
to  those  obtained  in  19 17  in  that  no  lot  gave  a  consistently  high  or  low 
yield.  In  column  V  are  shown  the  results  obtained  in  19 19.  The  size 
of  the  plots  at  University  Farm  and  Grand  Rapids  were  the  same  as  in 
19 18.  At  Duluth  the  yield  given  is  the  average  yield  computed  to  bushels 
per  acre  of  two  plots,  each  plot  consisting  of  two  4-rod  rows.  As  in  191 7 
and  19 18,  no  lot  gave  a  consistently  high  yield.  Lot  7,  however,  gave  a 
consistently  low  yield.     The  cause  of  this  low  yield  is  not  clear.     It  could 
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hardly  have  been  due  to  inherent  difference  in  vigor  from  the  other  lots, 
since  in  19 17  and  19 18  the  yield  of  this  lot  was  fully  equal  to  that  ob- 
tained from  the  other  lots.  In  1920  another  lot  designated  as  No.  9  was 
obtained  and  was  grown  in  comparison  with  lots  2  and  7  at  Grand  Rapids. 
It  gave  an  intermediate  yield  between  these  two  lots. 

The  results  of  the  4-year  test  show  no  significant  difference  between 
the  lots.  They  indicate  that  a  significant  difference  probably  did  not 
exist.  It  is  evident  that  the  selected  seed  stocks  2  and  9  were  not  superior 
in  vigor  to  the  unselected  seed  stocks. 

Table  I. — Productivity  of  Early  Ohio  Lots  at  University  Farm,  Duluth,  Grand  Rapids, 

and  Crookston  in  igij,  IQ18,  IQ20 
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1  Obtained  in  1919. 

The  effect  of  seasonal  conditions  on  the  yield  of  the  progeny  is  of 
interest.  In  Table  II  is  shown  the  yield  of  the  same  seed  stocks  in 
191 7,  at  Duluth,  Grand  Rapids,  and  Crookston,  and  their  subsequent 
yield  in  1918  at  University  Farm,  Duluth,  Grand  Rapids,  and  Crookston. 
The  yield  is  that  of  a  4-rod  row  plot  computed  to  bushels  per  acre.  Col- 
umn III  shows  that  all  lots  gave  a  very  low  yield  at  Crookston  in  191 7 
in  comparison  to  the  yield  obtained  at  Grand  Rapids,  and  that  a  yield 
intermediate  between  that  obtained  at  these  two  places  was  obtained 
at  Duluth.  Columns  IV,  V,  VI,  and  VIII  show  the  results  obtained  in 
19 1 8  in  tests  at  University  Farm,  Duluth,  Grand  Rapids,  and  Crook- 
ston of  the  different  portions  of  the  lots  grown  at  Duluth,  Grand  Rapids, 
and  Crookston  in  19 17.  The  results  given  show  that  the  excessive 
rainfall  and  an  early  frost  which  caused  the  low  yield  at  Crookston  in 
19 1 7  and  made  the  tubers  appear  worthless  for  seed  stock  had  no  effect 
on  their  yielding  ability  in  19 18. 

EFFECT   ON   FORM   OF  TUBER 

Of  the  various  tuber  characters  that  are  usually  collectively  designated 
as  type,  that  of  form  is  one  of  the  most  important.  Representative 
tubers  of  some  of  the  original  seed  stocks  are  shown  in  Plate  1.  Lot  2, 
obtained  from  Anoka,  Minn.,  was  oval  in  shape,  being  short  and  broad 
(PI.  1,  A).  Continuous  selection  had  been  practiced  by  the  grower 
toward  this  form  of  tuber,  which  is  representative  of  the  type  obtained 
on  the  sandy  loam  soil  of  the  region  in  which  it  was  grown.  Lot  3  was  ob- 
tained from  the  North  Central  Experiment  Station,  Grand  Rapids.     The 
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tubers  of  this  lot  were  relatively  long  and  narrow.  The  Early  Ohio  po- 
tatoes produced  at  this  station  since  that  time,  that  is  in  1917,  1918, 
19 19,  and  1920,  have  been  relatively  short  and  wide.  Lot  4  was  obtained 
from  Faribault,  Minn.  The  tubers  of  this  lot  were  elongated  and  were 
apparently  somewhat  variable  in  form  (PI.  1,  B).  A  few  tended  toward 
an  oval  form.  Lot  6  was  obtained  from  the  region  about  Duluth.  The 
tubers  of  this  lot  were  relatively  short,  very  broad,  and  considerably 
flattened  (PI.  1,  D).  Lots  7  and  8  were  obtained  from  growers  in  the  Red 
River  Valley.  The  tubers  of  these  lots  were  characteristic  of  the  more 
elongated  cylindrical  form  of  the  Early  Ohio  of  this  region  (PI.  1,  C). 

Table  II. — -Showing  that  poor  growth  conditions  at  Crookston  in  1QIJ  as  compared  to 
Duluth  and  Grand  Rapids  did  not  affect  the  yield  of  Crookston  stock  in  iqi8 
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0 

u 

0 

■*-» 

3 

3 

a 

"2 
'a 

pi 

•0 
a 

0 

a 

0 

vt 
^4 

O 

2 
0 

J3 
-t-t 
3 

"3 

Q 

•a 
"a. 

a 
a 
u 

O 

c 

0 

VI 

M 

O 
0 

3 
3 
0 

a 

O 

B 

0 

4-i 

Si 

0 
0 

Anoka 

203 
'74 
174 
219 
202 
179 

326 
318 

3" 
314 
3i6 
265 

44 
63 
80 
75 
71 
S6 

293 
242 
288 
297 
346 
264 

271 
224 
224 
293 

227 

218 

202 

263 

315 
308 
271 

288 

193 

138 

143 

290 

299 

269 

Grand  Rapids.. . 

Faribault 

Duluth 

249 

220 

4 
6 

220 
165 

152 

no 

158 
178 

146 
169 
139 

246 
256 

314 

247 
266 

255 

3" 

359 
256 

301 
273 
258 

249 

155 
191 

255 

7 
8 

Hawley 

299 

235 

A  part  of  each  of  these  lots  were  grown  at  University  Farm,  Duluth, 
Grand  Rapids,  and  Crookston  in  191 7.  The  form  of  the  tubers  produced 
at  each  of  these  places  was  similar  in  all  the  lots.  It  was  evident  that 
regardless  of  the  form  of  the  tubers  in  the  original  lots  the  growth  condi- 
tions at  each  place  produced  a  uniform  distinctive  form  of  tuber.  The 
19 1 7  crop  was  carefully  studied  for  possible  differences  in  form  between 
the  lots  grown  at  any  one  place.  It  was  thought  that  slight  differences 
in  form  were  observable  between  some  of  the  lots  grown  at  Duluth. 
These  differences  in  form  were  not  found  to  remain  consistently  in  19 18, 
although  a  similar  amount  of  variation  between  the  lots  was  observable. 

In  1 9 19  a  study  was  made  of  the  ratio  of  width  of  tubers  to  length 
in  order  to  determine  its  value  as  an  index  to  tuber  form.  Correlation 
studies  for  the  ratio  of  width  to  length  of  tubers  are  presented  in  Tables 
IV  to  VII.     The  coefficients  are  here  summarized. 


Table  III. — Relation  between  width  and  length  of  tubers  in  the  Early  Ohio  variety 

in  igig 


Place  grown. 


Grand  Rapids 

Duluth 

University  Farm,  clay  loam . 
University  Farm,  sandy  loam 


Coefficient  o 
relation 

cor- 

0.  7i8±o. 
.847±    . 

•  647±   • 
.6oi±   . 

014 
025 
032 
°34  J 

Number  of 
individuals. 

571 
316 
148 
161 


The  data  presented  in  these  tables  show  that  there  is  a  decided  corre- 
lation between  the  width  and  the  length  of  tuber  and  that  this  correlation 


Mar.  24,  1923 


Permanence  of  Variety  in  the  Potato 


953 


is  similar  for  both  small  and  large  tubers  of  the  same  lots.  The  ratio  of 
width  to  length  of  tuber  would  therefore  appear  to  be  a  very  good  index  of 
form  in  the  Early  Ohio  variety.  This  is  more  clearly  shown  in  Table  VIII, 
which  shows  the  influence  of  growth  conditions  on  the  form  of  tubers. 

Table  IV. — Correlation  between  width  and  length  of  tuber  in  the  Early  Ohio  variety, 
grown  at  the  North  Central  Experiment  Station,  Grand  Rapids,  in  IQIQ 


[Coefficient  of  correlation=o 

■  7i8±o 

014 

Length  of  tubers  in  millimeters. 

Total. 

46 

S° 

54 

58 

62 

66 

7° 

74 

78 

82 

86 

90 

94 

98 

102 

I06 

1 10 

114 

118 

122 

126 

13° 

1 
1 

1 

42 

1 

2 

1 
1 
4 
3 

1 

10 
9 

7 
7 

2 

3 

1 
1 
1 

2 

7 

10 

IS 

9 

4 

t 

1 
1 
S 
9 
12 
17 
7 
3 
S 
2 

r 

1 

2 

8 

14 

14 

12 

14 
10 

1 
3 

I 

2 
I 

3 

2 

7 
9 
14 
7 
7 

2 
1 

I 
1 

5 

6 

9 

IS 

12 

4 

5 

5 

46 

1 

I 

48 

26 

So 

1 

I 

2 
9 

II 
10 

7 
S 

1 
1 
2 

1 
1 
2 
3 
6 
8 
6 
4 
2 
4 
I 

44 

6t 

S4 

1 
2 
5 
8 
4 

2 

I 

2 

3 
2 

I 

68 

56 

1 

I 
4 

2 

3 

1 
6 

3 
2 

1 

1 

I 

2 

3 

1 

2 
I 
2 
2 

I 

I 
2 
I 

3 

4 
1 
2 
2 

I 

53 

58 

75 

60 

1 

67 

62 

I 
I 

I 

I 
I 

2 

45 

64 

28 

66 

2 

18 

68 

3 
0 

1 
2 

19 
16 

5 
4 
I 

2 

3 
I 

70 

1 
1 

I 
0 

72 

I 

I 

1 

76 

T 

1 

1 

78 

80 

I 

1 

82 

1 

1 

1 

84 

I 

Total 

6 

12 

42 

48    6/t 

82 

55 

58 

51 

38 

33 

^5 

15 

20 

3 

8 

6 

4 

I 

I    i          171 

^ 

Table  V. — Correlation  between  width  and  length  of  tuber  in  the  Early  Ohio  variety,  grown 
at  Northeast  Experiment  Station,  Duluth,  in  IQIQ 


[Coefficient  of  correlation=o 

.847±o.o2s] 

Width  of  tubers  in 

Length  of  tubers  in  millimeters. 

Total. 

millimeters. 

46 

50 

1 
I 
5 
4 

1 

S4 

S8 

62 

66 

70 

74 

78 

82 

86 

90 

94 

93 

1     . 
102  106 

no 

114 

118 

122 

126 

130 

11 

46 

2 
5 
7 
I 
6 
2 

6 
4 
9 
5 
7 
5 
I 

2 

2 

I 
2 

6 

14 

I 
8 

5 
2 
2 
2 

1 

6 

48 

1 

18 

1 
2 
4 
13 
7 
7 
6 
S 
2 
1 
1 

2 
3 

2 

7 
6 
6 
3 
3 
1 
1 
1 
1 

2 

24 
32 
33 
30 
26 

I 

2 

4 
4 
6 
6 
7 
4 

56 

1 

58 

60 

2 

2 
2 

1 

3 

I 

2 

2 

3 

2 

4 

2 
2 
2 
2 

1 

62 

26 

64 

06 

18 

64 

I 

1 

I 

1 

17 
7 
9 

4 
I 
I 

1 

3 
1 

1 

1 
I 

1 

2 

I 

3 

I 



76 

3 

78 

1 

80 

82 

1 

1 

84 

86 

1 

1 

88 

1 

I 

Total 

3 

13 

21      dO 

45    <o 
15 

36 

34 

13 

16 

14 

9 

3 

4 

3 

2 

1 

1 

316 
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Table  VI. — Correlation  between  width  and  length  of  tuber  in  the  early  Ohio  variety,  grown 
on  clay  loam  soil  at  Central  Experiment  Station,  University  Farm,  St.  Paul,  in  iqiq 

[Coefficient  of  correlation  0.647  ±0.032] 


Width  of  tubers  in 

Length  of  tubers  in  millimeters. 

Total. 

millimeters. 

46 

SO 

54 

58 

62 

66 

70 

74 

78 

82 

86 

90 

94 

98 

102 

106 

no 

114 

118 

122 

126 

130 

134 

I 
I 

1 
1 
2 

1 

4 

1 
2 

2 

1 
2 
4 

2 

I 

3 

1 
1 
1 
2 

4 
2 

2 

1 

2 
S 

1 

8 

I 
3 

3 
4 

S 
3 

1 
1 

13 

I 

10 

T 

3 
1 

1 

3 

I 
I 
I 

3 

I 
I 
4 
3 
3 

2 

I 

I 

I 
I 
I 

I 

2 

IS 

I 
I 

2 

16 

12 

I 

1 

2 

1 
1 

2 
2 

2 

1 

20 

9 

62 

1 

2 
2 

1 
1 

1 
1 

II 

1 
1 

II 

I 

7 

2 

I 

3 

3 

1 

I 

2 

1 

2 

1 

2 

I 

I 

I 

I 

Total 

2 

6 

8 

10 

II 

11 

IS 

22 

14 

19 

8 

S 

6 

3 

3 

2 

I48 

Table  VII. — Correlation  between  width  and  length  of  tuber  in  the  early  Ohio  variety,  grown 
on  sandy  loam  soil  at  Central  Experiment  Station,  University  Farm,  St.  Paul,  in  IQIQ 

[Coefficient  of  correlation  0.601  ±0.034] 


Width  of  tubers  in 

Length  of  tubers  in  millimeters. 

Total. 

millimeters. 

46 

S° 

54 

58 

62 

66 

1 
5 

1 
I 

70 

1 

S 

1 

3 

1 

74 

1 

2 
2 

5 
3 

1 
1 
1 
1 

78 

82 

86 

90 

94 

98 

102 

I06 

no 

"4 

118 

122 

126 

130 

134 

1 

3 

1 
2 
1 
3 

I 
I 

1 
3 
3 
2 

1 
1 
I 

1 
1 
1 
S 
4 
2 

3 

I 
I 

9 

a6 

1 
1 

I 

2 

I 
I 
I 
2 

I 

13 

aS 

1 
1 
3 

2 

I 

3 

IS 

17 

2 
1 
2 
3 

18 

2 

10 

56. . 

I 
I 

2 
2 

2 

3 

I 
I 

2 

I 
I 

1 

14 

58.., 

2 

I 

I 

18 

60 

7 

62.. 

3 

2 

I 

I 
2 
2 
I 

2 

10 

64.. 

I 

I 

5 

66.. 

I 

I 

2 

I 

8 

68... 

3 

I 

2 

I 

I 

5 

72 

1 

2 

2 

76 

I 

1 

78.., 

80 

I 

1 

84 

I 

1 

Total 

1 

2 

2 

8 

13 

17 

9 

13 

20 

IO 

13 

12 

6 

II 

4 

10 

4 

3 

I 

2 

161 
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Table  VIII. — Effect  of  growth  conditions  on  the  form  of  Early  Ohio  Tubers 


Lot 
No. 


Place  grown. 


Duluth 

University  Farm  sand 

loam 

University  Farm,  clay 

loam 

Grand  Rapids 

Grand  Rapids 

Grand  Rapids 

Grand  Rapids 


Year. 

Form  index 

(la*&  )dasses. 
\  width  / 

To- 
tal 
num- 
ber 

0.90 

1. 10 

1.30 

1.50 

1.70 

1.90 

2.10 

of  tu- 
bers. 

1919 
1919 

14 

no 

38 
3 

2 

1 

165 

60 

1 

17 

25 

13 

1 

1919 

.... 

13 

17 

30 

44 

10 

1 

l°5 

1919 

22 

07 

39 

12 

1 

141 

19 19 
1920 
1920 

I 

15 
^8 

67 
38 
30 

3° 
4 

1 

11 

1 

124 
71 

45 

I 

14 

-  Mean  index. 


I.  I4±0.  01 

i.65±  .02 

I.  S9±  .01 

i-36±  .01 

1.  36±  .01 

1.  23±  .  01 

I.  23±  .  01 


Table  VIII  shows  the  number  of  the  lot,  the  place  grown,  the  year, 
the  frequency  distribution  according  to  the  index  of  width  to  length, 
and  the  mean  index  for  each  lot.  Early  Ohio  tubers  grown  at  Duluth 
in  191 9  were  relatively  short,  very  broad,  and  somewhat  flattened,  hav- 
ing a  mean  ratio  of  width  to  length  of  1  to  1.14.  An  example  of  this 
form  of  tuber  is  shown  in  Plate  1,  D,  which  shows  the  original  form  of  lot 
6  as  obtained  from  Duluth  in  1916.  At  University  Farm,  in  1919,  on 
sandy  loam  soil  the  tubers  were  elongated,  cylindrical  in  form,  with  a 
mean  ratio  of  width  to  length  of  1  to  1.65.  On  clay  soil  at  University 
Farm  the  tubers  were  relatively  thicker,  broader,  and  shorter  than  those 
produced  on  the  sand,  having  a  ratio  of  width  to  length  of  1  to  1.44.  At 
Grand  Rapids  the  tubers  tended  to  be  somewhat  similar  in  form  to  those 
grown  at  Duluth  but  had  less  breadth  and  were  slightly  more  elongated, 
having  a  mean  ratio  of  width  to  length  of  1  to  1.35  in  19 19  and  1  to 
1.23  in  1920.  The  difference  in  form  obtained  in  19 19  and  1920  shows 
the  effect  of  seasonal  conditions  on  the  form  of  tuber. 

The  results  presented  show  that  the  mean  index  of  the  ratio  of  width 
to  length  of  tubers  can  be  used  to  detect  changes  in  the  form  of  tubers 
of  the  Early  Ohio  variety. 

This  method  was  used  in  19 19  and  1920  in  ascertaining  whether  any 
difference  in  form  of  tubers  existed  between  the  lots  of  Early  Ohio  which 
were  being  tested.  The  results  are  presented  in  Table  IX,  which  gives 
the  number  of  the  lots,  the  place  and  year  grown,  the  frequency  dis- 
tribution according  to  their  index  number  of  width  to  length  and  the 
mean  index  number  of  each  lot. 
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Table  IX. — Variation  in  form  between  different   lots  of  Early  Ohio  potatoes  in  IQIQ 

and  IQ20 


Lot 
No. 


Place  grown. 


Grand  Rapids.  . 

....do 

....do 

do 

Duluth 

....do 

Hopkins 

Grand  Rapids  l. 

....do1 

....do 


Form  index  ( leafh  Vlasses. 
\  width  / 

1 
Total 

Year. 

num- 
ber of 

tubers. ' 

0.90 

1. 10 

1-30 

1-5° 

39 

1. 70 
12 

1. 90 
1 

1919 

22 

67 

141 

1919 

2 

5« 

I03 

59 

7 

229 

1919 

15 

07 

3° 

11 

1 

124 

1919 

I 

28 

69 

37 

4 

1 

140 

1919 

14 

no 

3« 

2 

1 

165 

1919 

12 

83 

83 

9 

1 

188 

1919 

1 

2 

IS 

10 

2 

3° 

1920 
1920 
1920 

I 

->K 

38 
30 
40 

4 

1 

71 

45 

84 

I 

14 
32 

3 

9 

Mean  index. 


I.  361b.  OI 
I.  3I±.  OI 
I.  36±.  OI 

i.  33±.oi 
1.  I4±-  01 

I.  20±-  OI 

1.  57±.  02 

I.  23±.  01 
I.  23±.  OI 
I.  23±-  01 


1  From  seed  stock  grown  at  Duluth  in  1919. 

The  mean  of  lots  2,  6,  7,  and  8  grown  at  Grand  Rapids  in  19 19  ranges 
from  1. 31  ±0.01  to  1.36 ±0.01.  The  mean  of  lots  2  and  7  grown  at 
Duluth  in  1919  was  1.14^0.01  to  i.20±o.oi,  respectively.  The  differ- 
ence between  the  lots  at  Grand  Rapids  is  3.5  times  the  probable  error 
and  between  the  two  lots  grown  at  Duluth  4.2  times  the  probable  error. 
This  would  appear  to  be  significant.  That  the  difference  is  probably 
due  to  other  causes  than  hereditary  is  indicated  by  the  fact  that  lots  2 
and  7,  between  which  the  greatest  difference  occurred  when  grown  at 
Duluth,  gave  the  same  mean  index,  1.36 ±0.01  at  Grand  Rapids,  and 
when  the  portions  of  the  lots  grown  at  Duluth  were  tested  out  in  1920 
at  Grand  Rapids  they  gave  an  identical  mean  index,  1.23  ±0.01.  In 
1920,  lot  9  was  obtained  from  a  grower  who  had  selected  for  a  somewhat 
more  elongated  form  of  Early  Ohio.  The  lot  as  obtained  in  the  fall  of 
1919  gave  a  mean  of  1.57  ±0.02.  It  was  grown  at  Grand  Rapids  in  1920 
in  comparison  with  lots  2  and  7.  The  mean  index  obtained  for  the 
three  lots  was .1.23  ±0.01.  The  results  of  the  four  years'  study  on  the 
form  of  tubers  show  that  the  six  lots  gave  an  identical  reaction,  as 
regards  the  form  of  the  tuber,  when  grown  under  similar  growth  con- 
ditions. The  mass  selection  practiced  by  the  growers  in  lots  2  and  9 
for  2 1  years  had  no  demonstrable  effect  on  the  inheritable  form  of  Early 
Ohio  tubers.  It  was  further  found  that  the  form  of  tubers  was  very 
distinctly  influenced  by  the  environmental  conditions  surrounding  the 
development  of  the  tubers.  This  influence  was  not  found  to  be  carried 
over  in  any  detectable  amount  to  the  progeny.  As  has  been  pointed 
out,  the  environmental  conditions  which  resulted  in  good  or  poor  yields 
did  not  measureably  affect  the  yield  of  the  progeny.  It  is  therefore 
evident  that  no  correlation  was  found  between  the  form  of  tubers  and 
their  yield. 


EFFECT  OF  ENVIRONMENT  ON  OTHER  CHARACTERS 

The  formation  of  knobs  is  an  undesirable  character.  This  fact  has 
been  so  obvious  to  potato  breeders  that  the  expression  of  this  character 
by  seedlings  resulted  in  their  rejection,  so  that  our  commercial  varieties 
do  not  form  knobs  when  growth  conditions  are  uniformly  favorable 
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throughout  the  season.  When  growth  conditions  are  such  as  to  cause 
a  second  growth  of  the  plant,  the  formation  of  knobs  frequently  occurs 
on  the  tubers  of  some  varieties.  In  the  original  lots  of  Early  Ohio 
secured  in  the  spring  of  19 17  all  were  comparatively  free  of  knobs  except 
lot  8.  Traces  of  knobs  had  formed  on  all  but  lot  2.  The  progeny  of 
these  lots  when  examined  in  the  fall  of  191 7  were  found  to  be  similar 
for  this  character  in  all  lots  grown  at  the  same  place.  Knobs  were 
present  to  a  greater  or  lesser  degree  on  the  tubers  of  the  lots  grown  at 
Grand  Rapids,  University  Farm,  and  Crookston.  Those  grown  at 
Duluth  were  free  of  knobs.  In  19 18  all  lots  at  University  Farm  pro- 
duced knobs,  while  at  Duluth,  Grand  Rapids,  and  Crookston  potatoes 
were  free  of  knobs.  The  six  lots  appeared  to  give  a  similar  reaction  in 
regard  to  the  formation  of  knobs  under  similar  environmental  conditions. 

Another  undesirable  character  is  the  formation  of  fissures  or  crevices 
on  the  surface  of  the  tubers.  The  tubers  of  the  original  lots  of  Early 
Ohio  were  free  of  these  fissures.  Tubers  containing  fissures  were  fre- 
quently found  in  all  lots  grown  at  University  Farm  in  191 7  and  1918. 
In  191 7  they  were  occasionally  found  in  tubers  of  lots  grown  at  Crookston. 
At  no  time  were  fissures  found  in  tubers  of  lots  grown  at  Duluth  and 
Grand  Rapids. 

The  depth  of  eyes  and  prominence  of  eyebrows  were  found  to  be  simi- 
lar for  the  progeny  of  all  lots  grown  at  the  same  place.  Distinct  differ- 
ences in  the  expression  of  these  characters  were  produced  at  the  different 
places,  but  this  difference  in  expression  had  no  influence  on  the  progeny, 
as  the  characters  were  again  expressed  according  to  the  environmental 
conditions  under  which  the  tubers  developed. 

The  surface  of  the  skin  of  the  Early  Ohio  tuber  is  covered  with  small 
corky  dots  or  lenticels.  De  Vries  (23)  has  shown  that  the  lenticels  on 
potato  tubers  are  due  to  the  growth  of  loose  cells  underneath  the  stomates, 
which  push  up  through  the  stomates  and  rupture  them.  He  pointed 
out  that  a  prominent  development  of  them  could  be  secured  by  having 
the  tuber  under  moist  conditions.  These  dots  either  do  not  occur  at 
all  or  are  relatively  inconspicuous  on  varieties  belonging  to  the  Rose 
group.  The  original  lots  differed  in  the  number  and  prominence  of 
these  lenticels  on  the  tubers.  The  lenticels  were  very  prominent  on 
the  progeny  of  all  lots  grown  at  University  Farm  in  191 7,  slightly  less 
prominent  on  those  grown  at  Crookston,  slightly  prominent  on  those 
grown  at  Grand  Rapids,  and  very  inconspicuous  on  those  grown  at 
Duluth.     The  result  was  similar  in  19 18. 

In  the  original  seed  stocks  the  tuber  color  was  distinctly  different  for 
each  lot.  The  difference  did  not  reappear  in  the  progeny  of  the  lots 
when  grown  under  similar  conditions.  The  growth  conditions  at  each 
place  produced  a  characteristic  color  of  tubers.  At  times  there  ap- 
peared to  be  a  difference  between  lots  grown  at  the  same  place,  but  no  lot 
was  consistently  different  from  the  others  in  this  respect.  There  was 
always  considerable  variation  between  individual  tubers  of  the  same 
lot.  In  general  the  larger  tubers  appeared  less  colored  than  the  smaller 
ones.  The  color  in  the  tuber  of  this  variety  is  in  the  tissue  directly 
beneath  the  cells  forming  the  outer  skin.  De  Vries  (23)  called  atten- 
tion to  the  fact  that  in  the  last  growth  of  the  skin  during  the  ripening 
period  the  skin,  which  is  previously  clear,  transparent,  and  smooth 
becomes  thick  and  opaque.  In  the  lots  of  Early  Ohio  under  observa- 
tion the  difference  in  the  amount  of  color  present  may  have  been  due 
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to  the  degree  to  which  it  was  masked.  The  vines,  especially  at  Duluth, 
Grand  Rapids,  and  Crookston,  were  usually  killed  by  frost  before  the 
ripening  period  was  completed,  so  that  the  stage  of  maturity  probably 
influenced  the  color  appearance  of  the  tuber.  The  type  of  soil  at  a 
particular  place  also  had  a  noticeable  effect  on  the  skin,  as,  for  instance, 
tubers  grown  in  sandy  loam  soil  at  Grand  Rapids  possessed  a  flakiness 
of  skin  whereas  those  grown  at  Duluth  on  clay  soil  containing  a  plentiful 
supply  of  humus  were  extremely  smooth.  A  similar  smoothness  was 
obtained  on  tubers  of  the  same  stock  when  grown  on  peat  at  the  Coon 
Creek  Peat  Experimental  Farm  at  Anoka.  These  and  other  factors 
which  influence  the  texture  and  quality  of  the  skin  were  probably  the 
cause  of  some  of  the  difference  in  the  color  of  the  tubers. 

CONCLUSION 

The  lots  of  Early  Ohio  potatoes  were,  as  far  as  could  be  ascertained, 
identical  in  their  characteristics.  The  number  of  lots  under  observation 
was  relatively  small.  It  must,  however,  be  considered  that  each  lot 
was  chosen  because  it  offered  a  possibility  of  being  a  distinct  strain. 
Furthermore,  two  of  the  seed  stocks  were  known  to  have  been  separated 
from  each  other  and  from  the  other  seed  stocks  studied  for  at  least  20 
years.  As  the  Early  Ohio  originated  approximately  50  years  ago,  20 
years  would  seem  to  be  sufficient  time  to  allow  strains  to  develop  within 
the  seed  stocks  of  a  variety,  if  such  a  tendency  existed.  The  selection 
practiced  by  the  growers  with  divergent  types  in  view  should  further 
have  tended  to  bring  out  any  differences  that  might  have  developed. 
Also  the  difference  in  environment  was  sufficiently  great  to  bring  out 
distinct  differences  in  the  expression  of  characters  studied.  If  the 
environment  had  any  tendency  to  influence  the  expression  of  the  char- 
acter in  the  progeny,  its  influence  should  have  been  apparent  at  the  end 
of  this  period.  The  evidence  presented  indicates  that  the  potato  variety 
is  relatively  stable  under  vegetative  propagation.  While  mutations  are 
known  to  occur,  they  are  apparently  not  sufficiently  numerous  to  offer 
reasonable  hope  for  the  further  improvement  of  varieties  by  asexual 
selection.  This  does  not  mean  that  the  methods  of  asexual  selection 
are  of  no  value  in  the  improvement  of  commercial  seed  stocks.  The  use 
of  the  individual-hill  and  tuber-unit  methods  of  asexual  selection  in  the 
seed  plot  aid  in  the  elimination  of  varietal  mixtures,  and  by  separating  the 
progeny  of  diseased  and  healthy  tubers  in  the  seed  plot  are  of  aid  in 
the  roguing  out  of  diseased  plants. 

SUMMARY  OF  EXPERIMENTAL  RESULTS 

(1)  Seven  lots  of  Early  Ohio  potatoes  representing  difference  in 
amount  of  selection  practiced  by  growers  and  distinct  regional  types 
were  obtained  from  growers  at  Anoka,  Duluth,  Grand  Rapids,  Glyndon, 
Hawley,  Faribault,  and  Hopkins,  Minn.  Observations  were  made  on 
the  behavior  of  the  lots  in  191 7,  when  grown  in  comparison  with  each 
other  at  University  Farm,  Duluth,  Grand  Rapids,  and  Crookston. 
In  19 1 8  the  lots  were  under  observation  at  two  or  more  places.  On 
some  lots  observations  were  continued  in  19 19  and  1920. 

(2)  In  191 7  there  was  a  difference  of  20  bushels  per  acre  between 
the  average  yield  at  the  four  places  of  the  highest  yielding  and  lowest- 
yielding  lot.     No  lot  consistently  gave  either  a  high  or  low  yield  at  more 
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than  two  places.  Lot  6,  the  highest-yielding  lot  in  191 7,  gave  the 
highest  yield  in  19 18,  but  in  19 19  it  was  outyielded  by  lot  2,  the  lowest- 
yielding  lot  in  191 7.  Lot  9,  obtained  in  1920,  gave  a  yield  almost  iden- 
tical with  that  of  lot  2.  Selection  practiced  by  the  growers  on  lots  2 
and  9  had  apparently  no  effect  on  increasing  their  productivity. 

(3)  The  ratio  of  width  to  length  of  tuber  was  found  to  be  a  fairly 
good  index  by  which  differences  in  form  could  be  detected  in  the  Early 
Ohio  variety.  It  furnished  a  mathematical  expression  by  which  the  form 
of  tubers  grown  under  different  conditions  and  during  different  seasons 
could  be  compared. 

(4)  The  original  lots  differed  in  form.  The  most  distinct  differences 
were  short,  oval  tubers,  short,  broad,  flat  tubers,  elongated,  cylindrical 
tubers,  and  distinct  modifications  of  these  three  forms  (see  PI.  1,  A,  B, 
D,  C).  When  grown  at  University  Farm,  Duluth,  Grand  Rapids,  and 
Crookston  a  distinct  form  which  was  the  same  for  all  lots  was  obtained 
at  each  place.  At  Grand  Rapids  it  was  shown  that  seasonal  conditions 
affected  the  form.  At  University  Farm,  sandy  loam  and  clay  loam  soil 
types  produced  distinct  differences  of  form.  No  correlation  between 
form  and   yield  was  observed. 

(5)  Knobs,  fissures,  prominence  of  lenticels,  depth  of  eyes,  promi- 
nence of  eyebrows,  and  color  of  tubers  were  characters  that  were  found 
to  be  unexpressed,  expressed,  or  modified  in  their  expression  according 
to  the  environment  under  which  the  tubers  developed.  The  expression 
of  these  characters  on  the  tuber  was  not  influenced  by  selection  or  by 
the  environmental  conditions  surrounding  the  development  of  the  seed 
stocks. 

(6)  Evidence  presented  shows  that  potato  varieties  do  not  run  into 
definite  strains,  that  they  are  relatively  stable  under  vegetative  propa- 
gation, and  that  the  method  of  asexual  selection  does  not  offer  reasonable 
hope  for  their  further  improvement. 
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PLATE  i 

Potato  tubers  showing  some  of  the  variations  existing  between  the  original  lots 
of  Early  Ohio.  The  progeny  of  these  lots  were  found  to  be  similar  when  grown  under 
similar  growth  conditions. 

A. — Short,  oval,  cylindrical  tubers  of  lot  2  as  obtained  from  Anoka  in  1916. 

B. — Somewhat  elongated,  irregular  tubers  of  lot  4  as  obtained  from  Faribault  in 
1916. 

C. — Elongated,  somewhat  flattened  tubers  of  lot  7  as  obtained  from  the  Red  River 
Valley  in  1916. 

P. — Short,  broad,  flattened  tubers  of  lot  6  as  obtained  from  Duluth  in  1916. 
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ANATOMICAL  STUDIES  ON  POTATO-WART1 

By  Ernst  F.  Artschwager 

Assistant  Pathologist,  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations,  Bureau 
of  Plant  Industry,  United  States  Department  of  Agriculture 

Considerable  progress  has  been  made  in  recent  years  in  the  study  of 
the  causal  organism  of  potato-wart,  but  our  knowledge  of  the  anatomical 
structure  of  the  tumor  is  still  limited  to  brief  accounts  found  in  earlier 
publications.  A  study  of  the  histology  of  the  tumor,  though  primarily 
of  interest  to  the  anatomist,  will  indirectly  advance  other  phases  of 
research  in  connection  with  the  wart  disease. 

The  wart  appears  as  a  proliferation  of  meristematic  regions  of  stem, 
stolon,  and  tuber.  An  examination  of  a  partly  mature  plant,  grown  under 
conditions  favorable  for  infection,  will  give  a  picture  such  as  is  pre- 
sented in  Plate  i.  Warts  are  seen  to  have  developed  abundantly  on  all 
underground  parts  except  the  roots.  The  tumors  vary  in  size  from 
minute  undifferentiated  protuberances  to  intricate  branch  systems. 
The  largest  warts  have  developed  on  the  underground  stalk  and  termi- 
nally on  stolons,  while  the  smallest  appear  on  tubers,  usually  as  the 
result  of  belated  infections. 

The  typical  wart  is  nearly  spherical  in  form  and  gives  the  impression 
of  a  solid  structure  with  modified  peripheral  parts.  These  external 
modifications,  however,  are  the  visible  external  expression  of  deeply 
seated  changes  so  intricate  (PI.  2,  E)  that  only  the  aid  of  the  microscope 
will  reveal  their  component  parts.  The  wart,  indeed,  consists  funda- 
mentally of  depressed,  antler-shaped  branches  or  metamorphosed  leaves, 
partly  grown  together  and  branching  profusely  near  the  periphery. 
Since  the  planes  of  branching  change  constantly,  symmetrical  expansion 
of  all  the  component  branches  in  a  centripetal  manner  is  impossible;  as 
a  result  the  parts  are  greatly  malformed  and  bear  but  little  resemblance 
to  any  normal  organ  of  the  plant. 

When  tuber  infection  is  belated  and  conditions  are  generally  unfavor- 
able for  the  development  of  the  parasite  the  growth  of  the  wart  com- 
prises only  a  superficial  modification  of  the  parts  attacked  (PI.  3,  C,  D). 
While  this  type  of  wart  may  be  found  on  any  diseased  plant  it  constitutes 
the  only  type  which  is  developed  on  semiresistant  varieties. 

Wart  formation  on  aerial  organs  is  uncommon,  but  occasionally  stem 
buds  close  to  the  surface  of  the  ground  become  infected.  Since  in  these 
buds  leaf  differentiation  has  usually  gone  past  the  embryonic  stage, 
even  the  stimulating  effect  of  the  parasite  can  not  altogether  change 
the  subsequent  development  of  these  organs.  The  result  is  a  malformed 
leaf  with  a  lamina  little  expanded  but  thickened  (PI.  2,  B).2 

1  Accepted  for  publication  May  17,  1923. 

JMr.  Freeman  Weiss  reports  having  found  a  small,  roughly  spherical  wart  originating  from  the  midrib 
of  the  lower  surface  of  a  leaf  13  to  14  inches  above  the  ground;  it  contained  both  resisting  spores  and  sori  in 
various  stages  of  development. 
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The  color  of  the  wart  below  ground  is  that  of  the  stolon  and  young 
tuber,  eommonly  an  ivory  white.  In  varieties  which  produce  highly 
colored  tubers,  like  the  Australian  Blue,  the  color  of  the  wart  will  also  be 
that  of  the  tuber.  When  developing  above  ground,  the  parts  exposed  to 
the  sun  develop  chlorophyll  and  aid  in  assimilation.  Toward  the  end  of 
the  growing  season,  or  earlier,  the  warts  show  signs  of  decay.  The  color 
changes  from  white  to  a  dark  brown  and  finally  to  a  dirty  black.  At  the 
time  the  potatoes  are  ordinarily  dug,  most  large  warts  have  disintegrated, 
leaving  only  unsightly  vestiges  on  the  infected  tubers.  Small  warts, 
according  to  Johnson(6),3  may  enter  a  dormant  state  and  form  the  source 
for  new  infections  the  following  season. 

ANATOMY 

A  cross  section  of  a  young  wart  or  of  the  peripheral  part  of  an  older  one 
shows  a  centrally  located  vascular  strand  (PL  2,  D)  and  a  broad  band  of 
cortical  tissue  whose  peripheral  cells  harbor  the  resting  spores  of  the 
parasite  (PL  4,  B).  The  epidermis,  where  still  intact,  is  composed  of 
delicate  cells  isodiametric  or  with  the  longer  axis  in  the  radial  direction. 
A  periderm  is  not  developed,  although  occasionally  a  shorter  or  longer 
band  of  cork  cells  is  noticeable  immediately  below  the  zone  of  spore- 
containing  cells,  or  may  surround  in  concentric  layers  some  deep  seated 
resting  spores.  The  walls  of  the  cells  containing  the  resting  spores,  as 
well  as  the  neighboring  cells,  become  lignified  and  suberized,  and  since  the 
heavy  walls  of  the  resting  spores  undergo  like  changes,  a  lignin  stain 
applied  to  a  section  of  the  wart  makes  the  fungus  infected  area  discernible 
to  the  naked  eye  and  permits  of  ready  differentiation  with  the  aid  of  the 
microscope. 

The  cortical  tissue  (PL  5),  which  comprises  by  far  the  largest  part  of  the 
wart,  is  composed  of  simple,  large  parenchyma  cells.  The  cells  are 
crowded  with  starch  grains.  Sugar  is  always  present  in  varying  amounts, 
and  also  tannins,  primarily  in  newly  infected  regions,  where,  under  the 
influence  of  the  parasite,  cellular  activity  is  at  its  height.  Other  cell 
inclusions  are  more  conspicuous  by  their  absence.  Calcium  oxalate  and 
protein  crystals  which  are  usually  found  in  the  peripheral  region  of  the 
normal  tuber  are  usually  wanting.  Protein  crystals  have  been  observed 
only  in  the  outer  cortical  cells  of  the  host — never  in  typical  wart  tissue. 

Modifications  of  the  normal  type  of  storage  cells  of  the  wart  are  fre- 
quently observed  and  consist  in  their  transformation  into  sclereids.  They 
have  been  found  abundantly  in  the  aerial  parts  of  the  potato  plant 
affected  with  blackleg  (2)  and  normally  in  small  numbers  in  the  cortex  of 
the  underground  stem  and  in  the  parenchyma  tissue  of  dormant  eyes. 

The  vascular  tissue  is  centrally  located,  and  only  in  transition  regions 
is  there  found  a  siphonostele  inclosing  a  large  pith.  The  relative  position 
of  xylem  and  phloem  is,  at  best,  only  approximate.  Especially  where 
the  vascular  elements  are  greatly  reduced,  the  phloem  and  xylem  appear 
independent  of  each  other  and  with  no  definite  orientation  with  respect 
to  the  axis  of  the  organ.  In  small  branches  of  the  wart,  however,  phloem 
groups  may  be  observed  in  close  proximity  to  the  xylem  and  may  even 
surround  it  so  completely  as  to  give  the  effect  of  a  typical  amphicribral 
bundle.  While  the  arrangement  of  the  vascular  tissue  is  certainly  a  de- 
parture from  the  normal  type,  it  must  be  remembered  that  similar,  if  not 
identical,   conditions   exist  in  normal   organs,   such   as  the  tuber   (/). 

*  RHereuce  is  made  by  number  (italic)  to  "  Literature  cited,"  p.  967. 
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The  phloem  groups  abut  directly  on  the  cortex.  There  is  no  endo- 
dermis;  and  only  groups  of  small-celled  tissue,  the  homolog  of  a  pericycle, 
may  delimit  the  phloem  from  the  storage  tissue.  The  phloem  groups  are 
small  and  widely  scattered ;  sometimes  a  sieve  tube  with  a  single  cambi- 
form  cell  may  constitute  an  entire  group.  Often,  however,  the  groups  are 
larger  and  attain  the  size  of  the  inner  phloem  of  the  tuber.  The  relative 
number  of  sieve  tubes  and  parenchyma  cells  is  approximately  that  found 
in  the  phloem  of  the  underground  organs  and  is  small  compared  with  the 
aerial  parts.  When  stained  with  chlorozinciodid  the  side  walls  of  the 
sieve  tubes  in  contact  with  cortical  cells  show  a  network  of  fine,  dark- 
staining  bands  inclosing  areas  of  lighter  color.  Since  there  is  an  obvious 
need  for  rapid  movement  of  food  from  the  storage  parenchyma  to  the 
growing  region  of  the  wart,  the  extensive  pitting  of  the  sieve  tube  with 
these  storage  cells  appears  as  a  functional  adaptation ;  the  converse  rela- 
tion, however,  may  also  hold. 

The  xylem  is  composed  of  narrow,  porous  elements  with  secondary 
thickenings  in  the  form  of  rings  and  close  spirals.  The  end  walls  of  the 
cells  are  chiefly  oblique,  being  sometimes,  however,  strictly  transverse. 
Since  the  course  of  the  vascular  tissue  is  very  irregular  and  since  branch- 
ing and  anastomosing  takes  place  frequently,  the  xylem  cells  are  com- 
monly atypical.  This  diversity  of  form  finds  expression  in  abnormal  wall 
sculpture,  excessive  slope  of  the  end  walls,  and  a  general  irregular  form 
of  the  element  as  a  whole.  Typical  fibers  and  pitted  vessels  are  wanting. 
Narrow  parenchymatous  elements  of  variable  length  often  separate  the 
xylem  from  the  cortex.  Besides  being  smaller,  these  elements  differ 
further  from  typical  cortical  cells  in  being  devoid  of  starch.  The  walls 
of  the  xylem  elements  remain  cellulose  for  a  long  period.  This  fact 
and  the  conspicuous  absence  of  fibers  and  tracheids  shows  that  the  tissue 
is  adapted  primarily  for  conduction  and  not  at  all  for  support.  Such 
qualitative  reductions  in  vascular  tissues  are  common  in  simple  galls  and 
appear  to  be  adaptations  for  changes  in  function.  Bally  (3)  believes  that 
the  adaptation  in  case  of  the  wart  is  for  water  storage  rather  than  for  con- 
duction. It  might  be  questioned,  however,  whether  conduction  is  second 
in  importance  to  water  storage  in  wart  tissue;  and  may  we  not,  from 
morphological  considerations,  expect  only  simple  protoxylem  elements 
in  a  tissue  as  simple,  as  well  protected  and  as  rapidly  growing  as  that  of  the 
wart  ?  Both  xylem  and  phloem  cells  advance  independently  close  to  the 
peripheral  region  of  the  wart,  a  fact  which  further  tends  to  emphasize  the 
necessity  for  rapid  movement  of  plastic  materials  as  well  as  of  water.  In- 
dividual sieve  tubes  and  protoxylem  cells  may  be  observed  even  in  small 
warts,  which  makes  it  difficult  to  tell  which  of  the  vascular  elements  are 
differentiated  first  and  whether  phloem  cells  or  xylem  cells  are  more  im- 
portant in  the  early  growth  of  the  organ.  Although  normally  elements 
that  are  essentially  vascular  rarely  terminate  a  bundle,  in  the  wart  tissue 
individual  sieve  tubes  and  also  ringed  protoxylem  cells  have  been  ob- 
served to  advance  to  the  periphery  of  the  organ  unaccompanied  by 
parenchyma  cells. 

The  older  basal  part  of  the  wart  and  more  especially  the  transition 
region  show  a  gradual  approach  to  the  normal  structure.  There  is  a 
steady  increase  in  supporting  tissue  and  improved  provision  for  con- 
duction of  larger  quantities  of  water.  We  may  then  expect  to  find  fibers 
and  pitted  vessels  in  increasing  numbers,  and  indeed  we  do.  Withal 
there  is  a  complete  though  gradual  transition  from  the  normal  to  the 
wart  tissue,  and  although  in  its  simplest  form  the  wart  shows  both 
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qualitative  and  quantitative  reduction  of  tissues,  there  exists,  never- 
theless, a  marked  similarity  between  structure  of  normal  host  and  wart, 
and  this  is  shown  not  only  in  similarity  of  position  of  the  tissues  with 
reference  to  each  other  but  also  in  their  practical  identity  as  regards  the 
essential  composition  of  the  vascular  tissue. 

MORPHOLOGICAL  NATURE  OF  THE  WART 

From  anatomical  analysis  the  wart  is  a  homoplastic  growth  with 
quantitative  reduction  in  vascular  tissue  and  increase  in  storage  paren- 
chyma. The  likeness  is  even  more  marked  and  reaches  a  point  of  com- 
plete identity  if  we  choose  to  compare  reduced  host  tissue  with  transi- 
tion regions  in  the  wart.  But  even  if  we  accept  this  conclusion,  there 
still  remains  the  answer  to  the  question  as  to  the  nature  of  the  wart  in 
its  entirety  and  its  relation  to  the  normal  organs  of  the  plant.  To  arrive 
at  a  satisfactory  conclusion  it  will  be  necessary  to  follow  briefly  the  early 
ontogeny  of  the  wart  and  to  consider  the  nature  of  the  stimuli  which 
initiate  the  abnormal  growth. 

A  newly  infected  bud  shows  the  surface  covered  with  small  pustules 
which  in  sectional  view  (PI.  4,  A)  are  found  to  consist  of  a  small-celled  tissue 
rich  in  protoplasm  and  very  turgid.  Certain  of  these  protuberances 
show  a  slight  depression  with  a  brownish  center  in  which  is  found  a 
prosorus  or  summer  sporangium  of  the  parasite.  These  areas  of  new 
growth,  according  to  Curtis  (4)  and  Bally  (3),  have  resulted  from  the 
stimulating  effect  of  the  fungus.  Since  the  epidermal  walls  of  these 
pustules  are  very  delicate,  and  since  new  summer  spores  are  formed  and 
mature  in  rapid  succession,  new  infections  occur,  and  as  a  consequence 
new  centers  of  growth  are  formed  in  direct  proportion  to  the  number  of 
new  infections.  The  finely  adjusted  stimulation  which  results  in  the 
formation  of  a  progressively  increasing  area  of  meristematic  tissue  per- 
mits of  an  uninterrupted  development  of  the  parasite  and  the  formation 
of  large  numbers  of  resting  spores  which  under  suitable  conditions  remain 
viable  in  the  soil  and  form  a  latent  source  of  infection  for  years  to  come. 

In  semiresistant  varieties  wart  development  remains  superficial.  The 
growth  slightly  resembles  scab  pustules,  though  the  infected  areas  are 
somewhat  more  elevated  (PI.  3,  C,  D).  In  susceptible  varieties,  on 
the  other  hand,  the  warts  are  extensive  structures  (PI.  2,  A,  D,  C,  E; 
3  A,  B)  and  only  in  their  topography  bear  resemblance  to  the  former 
kind.  Percival  (8)  assumes  that  the  wart  is  "a  malformed  branch  sys- 
tem stimulated  by  the  parasite  to  grow  irregularly  and  before  its  natural 
time."  A  study  of  Plate  3,  B,  suggests  no  objection  to  such  a  theory, 
and  a  consideration  of  the  anatomy  of  the  vascular  system  seems  only 
to  lend  additional  support.  However,  granting  that  the  stimulating 
effect  of  the  fungus  may  result  in  a  shortening  or  complete  elimination 
of  the  rest  period  of  the  young  bud,  may  we  not  expect  a  similar  phe- 
nomenon in  potato  plants  which  are  semiresistant  to  the  wart  ?  Yet  this 
is  not  the  case.  Furthermore,  an  analogy  with  "  witches'-broom  "  forma- 
tion in  Pteris  (5)  indicates  that  it  may  be  unessential,  however,  to  pre- 
suppose the  existence  of  buds  in  order  to  initiate  growth  of  extensive 
though  somewhat  abnormal  foliar  organs;  that,  in  fact,  the  stimulus 
exerted  by  the  fungus  is  sufficient  to  bring  about  cell  division  and  initiate 
organ  formation  in  meristematic  regions  of  plants.  In  the  potato,  too, 
extensive  wart  formation  often  results  from  the  infection  of  an  outer 
bud  scale  which  has  normally  completed  development.     The  association 
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of  the  fungus  with  reactive  host  cells  is  sufficient  to  initiate  new  growth. 
But  the  same  parasite  in  the  subsequent  development  of  the  new  organ 
acts  as  inhibitor  and  modifier  and  thus  alters  the  appearance  of  the  new 
structure  completely.  Early  developmental  studies  and  the  comparative 
ease  with  which  the  pathogene  is  identified  have  left  no  doubt  that  the 
wart,  as  a  whole,  is  normal  host  tissue  and  that  onfy  the  peripheral 
regions  contain  typical  traumatic  cells.  An  analogous  case  is  presented  by 
Dr.  E.  F.  Smith  (0) .  The  growth  resulting  from  inoculation  is  composed  of 
normal  host  tissue  and  not  of  parasitized  cells,  as  viewed  by  Levine  (7). 
The  present  impossibility  of  demonstrating  the  crowngall  pathogene  in 
the  tissues,  however,  gives  only  presumptive  evidence,  but  a  considera- 
tion of  the  reaction  of  host  and  parasite  in  case  of  the  wart  of  potato 
should  give,  if  analogy  be  worth  anything,  a  strong  support  to  the  theory 
defended  by  Doctor  Smith. 

The  wart  can  be  considered  a  foliar  branch  system.  The  existence  of 
various  types  of  warts  seems  to  be  bound  up  with  the  relative  suscepti- 
bility of  the  host,  the  nature  and  extent  of  the  primary  infection,  and 
such  factors  as  tend  to  modify  plant  growth  in  general. 
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PLATE  i 

Color  photograph  showing  wart  infection  on  underground  stalk,  stolons,  and  tubers. 
(Photograph  by  Freeman  Weiss.) 
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PLATE  2 

A. — Sectional  view  of  large  wart  developed  from  terminal  bud  of  tuber. 

B. — Sectional  view  of  aerial  wart.  Note  general  appearance  of  wart  and  central 
location  of  vascular  tissue. 

C. — Sectional  view  of  large  wart  on  tuber.  The  vascular  tissue  shows  the  arrange- 
ment which  is  typical  of  petiolar  or  midrib  bundles. 

D. — Sectional  view  of  large  wart  on  tuber.  The  apparent  solid  structure  is  an  aggre- 
gate of  compressed,  modified  leaves. 

E. — Sectional  view  of  large  wart  on  stolon.  The  branching  is  often  so  intricate  that 
only  the  aid  of  the  microscope  will  reveal  the  component  parts. 


PLATE  3 

A. — Surface  view  of  large  wart  on  tuber. 

B .—Sectional  view  of  the  same  wart,  showing  characteristic  branching. 

C. — Sectional  view  of  wart  on  a  semiresistant  variety. 

D. — Surface  view  of  the  same  wart. 
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PLATE  4 

A. — Section  through  the  peripheral  region  of  young  wart,  showing  resting  spores, 
summer  sori,  and  new  centers  of  growth  which  have  resulted  from  the  stimulating 
effect  of  the  parasite. 

B. — Section  though  an  older  part  of  a  wart,  showing  structure  and  position  of  resting 
spores. 


PLATE  s 

Section  of  young  wart,  showing  general  appearance  of  tissues  and  location  of  spore- 
bearing  cells. 
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INFLUENCE    OF   TEMPERATURE   AND    EVAPORATION 
UPON  THE  DEVELOPMENT  OF  APHIS  POMI  DEGEER1 

By  Frank  H.   Lathrop  3 

Associate  Entomologist,    Oregon   Agricultural   Experiment   Station 

INTRODUCTION 

Entomologists  attacking  economic  problems  are  ever  impressed  with 
the  need  of  a  more  thorough  knowledge  of  the  influence  of  the  environ- 
mental factors  which  control  the  activities  of  the  insects  under  investi- 
gation. The  interrelations  between  insects  and  their  environment  are 
highly  complex,  and  attempts  at  their  determination  are  fraught  with 
many  difficulties.  That  any  effort  in  this  direction  is  well  worthy  of  the 
expense  in  time  and  energy  there  can  be  little  doubt,  for,  while  this  is 
as  yet  a  comparatively  unexplored  field,  there  are  many  instances  of 
the  application  of  a  knowledge  of  environmental  factors  to  the  applied 
control  of  economic  pests.  Headlee  3  pointed  out  the  possibilities  of  the 
reduction  of  certain  stored  grain  pests  by  modifying  the  relative  humidity 
of  the  air  within  the  container.  Lovett  and  Fulton,4  in  discussing  the 
control  of  the  codling  moth  in  the  Willamette  Valley,  state: 

Where  the  evening  temperature  during  May  at  8:00  p.  m.  is  6o°  or  above,  the  first 
generation  codling  moths  may  be  expected  to  deposit  eggs.  Consequently  when  this 
temperature  of  6o°  at  8:00  p.  m.  is  registered,  it  is  the  proper  time  to  apply  the 
"  thirty-day  "  codling  moth  spray. 

A  realization  of  the  economic  bearing  of  such  information  prompted 
the  writer  to  make  observations  of  certain  climatic  factors  in  connection 
with  a  study  of  the  activities  of  several  species  of  apple  aphids,  a  group 
of  insects  which  seem  especially  susceptible  to  climatic  influence.  A 
considerable  amount  of  data  on  evaporation,  temperature,  and  pre- 
cipitation has  been  collected  which,  aside  from  the  bearing  upon  the 
present  study,  should  be  of  considerable  general  interest  to  both  plant 
and  animal  ecologists. 

In  order  to  concentrate  the  study  and  to  avoid  scattering  the  data 
over  too  broad  a  field,  observations  in  this  connection  were  practically 
limited  to  a  single  species  Aphis  pomi  DeGeer. 

An  understanding  of  the  fundamentals  of  the  life  history  of  the  species 
is  desirable  in  considering  the  data  here  presented.  For  this  reason  the 
seasonal  cycle  is  briefly  reviewed. 

1  Accepted  for  publication  Jan.  16,  1922. 

J  The  writer  is  indebted  to  Prof.  A.  L.  Lovett  for  encouragement  in  the  prosecution  of  this  study,  and 
to  Mr.  Richard  Jones  whose  painstaking  work  as  Technician  in  the  Department  of  Entomology  relieved 
the  writer  of  much  of  the  routine  work  of  this  study. 

*  Headlee,  Thomas  J.  some  facts  relative  to  the  influence  of  atmospheric  humidity  on  insect 
metabolism.     In  Jour.  Econ.  Ent.,  v.  10,  no.  1,  p.  31-38.     1917. 

4  Lovett,  A.  L-,  and  Fulton,  B.  B.  fruit  grower's  handbook  of  apple  and  pear  insects.  Oreg. 
Agr.  Exp.  Sta.  Circ.  22,  p.  8.     1920. 
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LIFE  HISTORY  OF  APHIvS  POMI 

The  green  apple  aphis  passes  the  winter  in  the  egg  stage.  The  eggs 
are  placed  on  the  bark  of  the  water  sprouts  and  other  terminal  growths 
of  apple  and  frequently  occur  grouped  in  immense  numbers.  With  the 
unfolding  of  the  buds  in  the  spring,  these  eggs  hatch,  and  the  tiny  nymphs 
migrate  to  the  newly  developed  foliage. 

These  "stem  mothers"  and  the  succeeding  generations  feed  upon  the 
succulent  foliage  of  apple  throughout  the  summer.  There  is  no  migra- 
tion to  alternate  food  plants  as  there  is  with  many  species  of  aphids,  and 
the  winged  forms  which  are  produced  serve  merely  to  disseminate  the 
species. 

Reproduction  throughout  spring  and  summer  is  entirely  viviparous 
and  parthenogenetic.  With  the  approach  of  fall,  males  and  oviparous 
females  are  produced,  and  the  over- wintering  eggs  are  deposited. 

There  are  a  variable  number  of  generations  during  the  season,  depend- 
ing upon  environmental  conditions. 

METHODS  EMPLOYED 

This  work  has  been  entirely  in  the  nature  of  a  field  study,  and  no  at- 
tempt was  made  to  modify  or  control  the  conditions  of  temperature  or 
moisture. 

The  experimental  plot  was  located  on  the  college  farm  at  Corvaliis, 
Oreg.,  about  one  mile  from  the  Agricultural  Building  and  had  an  eleva- 
tion of  approximately  225  feet  above  sea  level.  This  plot  consisted  of 
1-  and  2 -year-old  Greening  apple  trees  planted  in  two  rows  about  4  feet 
apart  with  the  trees  about  3  feet  apart  in  the  rows.  To  the  westward 
about  60  to  75  feet  distant  there  was  a  dense  growth  of  alders  along  the 
banks  of  Oak  Creek.  These  trees,  being  some  35  feet  in  height,  served 
to  break  the  force  of  the  strong,  westerly  "sea  breezes"  prevalent  during 
the  summer  months. 

As  the  aphid  eggs  hatched,  numbers  of  the  nymphs  were  transferred  to 
suitable  buds  on  the  experimental  trees  and  here  allowed  to  mature.  In 
obtaining  nymphs  of  the  later  generations,  a  number  of  adults  would  be 
placed  on  a  suitable  aphis-free  leaf  cluster.  The  following  day  these 
adults  were  removed,  and  the  nymphs  born  during  the  24-hour  period 
were  allowed  to  remain.  These  nymphs  were  permitted  to  mature  in 
order  to  obtain  the  length  of  the  developmental  period.  The  develop- 
mental period  was  reckoned  from  the  day  after  birth  till  the  day  of  the 
appearance  of  the  first  young,  inclusive. 

The  trees  upon  which  the  experiments  were  being  conducted  were 
protected  by  a  special  type  of  cage  (fig.  1).  This  consisted  of  a  cylinder 
of  galvanized  wire  cloth,  open  at  one  end.  To  the  open  end  of  this  cage 
was  attached  a  cheesecloth  skirt.  The  cage  was  inverted  over  the  tree, 
and  held  in  position  at  the  proper  height  by  means  of  a  stake  set  near  by. 
The  cheesecloth  skirt  was  gathered  about  the  trunk  of  the  tree  and  tied 
with  a  cord.  A  band  of  cotton  batting  placed  at  the  proper  height  on 
the  tree  rendered  a  perfect  fit  between  the  cloth  skirt  and  the  tree,  and 
prevented  binding  of  the  trunk  from  the  tie-cord.  This  type  of  cage  is 
easily  removed  for  examination  of  the  aphids,  is  as  readily  replaced,  and 
has  proved  quite  satisfactory  for  this  work. 
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The  evaporation  records  were  obtained  by  means  of  a  "  nonabsorbing" 
evaporimeter  or  atmometer  (fig.  2)  similar  to  instruments  used  in  many- 
evaporation  studies  by  various  workers  during  recent  years.  Stand- 
ardized, spherical,  porous,  porcelain  cups  were  obtained  from  the  "Plant 


I 

u 


w 


w    I 

1    I 

"Hw/I 

in 


?s^0s& 


WzBg-g^^- 


Fig.  1. — Cage  used  in  rearing  aphids. 

World,"  and  results  as  here  given  should  be  comparable  with  results 
obtained  elsewhere  5  by  means  of  similar  instruments. 

Observations   were    made    daily   at    9.30    a.    m.     The    amount    of 
evaporation  was  determined  by  filling  the  evaporimeter  at  this  time. 

&ILivingston,  Burton  Edward,    atmospheric  influence  on  evaporation  and  its  direct  measure- 
ment, iln  Mo.  Weather  Rev.,  v.  43,  no.  3,  p.  126-131,  2  fig.     1915.    References  and  notes,  p.  131. 

27976—23 4 
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A  graduated  pipette  was  used  and  readings  were   made   to   tenths   of 
cubic   centimeters. 

Temperature  records  were  obtained  by  means  of  a  Tycos  Dial  Type 
Mercury  Recording  Thermometer,  manufactured  by  Taylor  Instrument 


FTC 


FiO.  ».— Sectional  view  of  atmometer:  C,  standard,  spherical,  porous,  porcelain  cup;  T,  water  supply 
tube;  B,  water  bottle;  FT,  filling  tube;  FTC,  filling  tube  cover;  M,  mercury  drop  to  prevent  return  of 
water  from  cup;  CT,  capillary  tube. 


Companies,  Rochester,  N.  Y.  The  daily  mean  temperature  was  calcu- 
lated by  reading  the  temperatures  on  the  charts  for  each  half  hour  and 
averaging  these  48  readings.  The  mean  temperature  for  any  given  pe- 
riod of  days  was  obtained  by  averaging  the  daily  mean  temperatures. 
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For  the  records  of  precipitation,  the  writer  is  indebted  to  the  Depart- 
ment of  Soils  of  the  Oregon  Agricultural  Experiment  Station.  Obser- 
vations on  precipitation  were  made  daily  at  5.00  p.  m.  and  hence  are 
not  exactly  comparable  with  the  temperature  and  evaporation  records 
as  given  in  this  paper. 

Table  I. — -Daily  evaporation  and  precipitation,   IQIQ,   at  Corvallis,   Oreg. 


Date. 


Mar.    31 
Apr.       i 

2 

3 
4 

5 
6 

7 


9 
10 
11 
12 

13 
14 

15 
16 

17 
18 

19 
20 
21 
22 

23 
24 

25 
26 

27 
28 

29 
3° 

1 
2 

3 

4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 

15 
16 

17 
18 

19 
20 


May 


Evap-  I  Precip- 

ora-  ita- 

tion.    I    tion. 


Cc. 
22.5 
II. 2 


I3.O 

5-7 
7.0 
8.0 

i°-3 

12.7 


24.0 


24.0 
13.8 
18.8 
14.9 

i-7 
4.1 

6-5 


18.7 


Inches. 
O 
O 
O 

O.I5 
•65 

•57 
.04 

o 

o 

o 
.20 

.08 


34-2 

14.9 

12.2 

8.4 


3i-8 
18.4 
26.4 
34-6 
19.7 
17.9 


91.7 

35-6 

39-i 
26. 1 

17.7 

20.2 

24.7 
9.1 

24.6 
8.8 
7-9 
5-3 


12 


.  12 
•7i 
•47 
•15 
.  10 


o 
o 
o 


21.4 

21.4 
31.0 


T. 

.07 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

.  II 

.  10 

•  05 

•°S 

.22 

o 

0.03 

o 
o 


Character  of 
weather. 


Cloudy. 

do. 

do. 

do. 

do. 

do. 
Partly  cloudy. 

do. 

do. 

do. 


do. 


Cloudy. 

do. 

do. 

do. 
Partly  cloudy. 


do. 
do. 


do. 


do. 
do. 
do. 
do. 
do. 

do. 
Cloudy, 
do. 
do. 
do. 


Date. 


June 


May    2 1 
22 

23 
24 

25 
26 

27 
28 
29 
3° 
31 
1 
2 

3 
4 

5 
6 

7 
8 

9 
10 
11 

12 

13 
14 

15 
16 

17 
18 

l9 
20 
21 
22 

23 
24 

25 
26 

27 
28 

29 
30 

1 
2 

3 
4 

5 
6 

7 
8 

9 
10 


July 


Evap- 

Precip- 

ora- 

ita- 

tion. 

tion. 

Cc. 

Inches. 

O 

49.I 

O 

22.8 

O 

O 

16.4 

•55 

13-3 

0 

I4.7 

0 

18.O 

0 

9-3 

■*5 

16. 1 

.06 

0 

61.4 

0 

27.7 

0 

34-o 

0 

45-6 

0 

31-3 

0 

3°-3 

0 

0 

58-7 

0 

14.0 

.02 

10.9 

0 

13-7 

0 

12.9 

0 

9-5 

.08 

16.3 

0 

12.3 

.02 

18.  S 

0 

28.6 

0 

27.9 

0 

23.2 

0 

15-4 

0 

21.3 

0 

17.2 

0 

27.2 

0 

29.4 

0 

3°-9 

0 

8.8 

.  10 

21.9 

0 

17.0 

0 

29-5 

0 

24.7 

0 

25.6 

0 

33-5 

0 

39-i 

0 

28.4 

0 

20.2 

0 

16.9 

0 

38.7 

0 

47-3 

0 

41.6 

0 

22.0 

0.2 

Character  of 
weather. 


Partly  cloudy. 
Cloudy. 

Do. 

Do. 

Do. 
Partly  cloudy. 

Do. 


Do. 
Do. 
Do. 

Do. 

Do. 


Do. 
Do. 
Do. 
Do. 


Do. 
Cloudy. 


Partly  cloudy 
Do. 


Do. 
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Table  I. — Daily  evaporation  and  precipitation,  iqiq,  at  Corvallis,  Oreg. — Continued 


Date. 

Evap- 
ora- 
tion. 

Precip- 
ita- 
tion. 

Character  of 
weather. 

Date. 

Evap- 
ora- 
tion. 

Precip- 
ita- 
tion. 

Character  of 
weather. 

Cc. 

Inches. 

Cc. 

Inches. 

May     ii 

18.4 

O 

do. 

Aug.    21 

32-5 

O 

12 

36.5 

O 

22 

35-8 

O 

13 

52-4 

O 

23 

39-2 

O 

14 

44.2 

O 

24 

32.5 

O 

15 

32.5 

O 

25 

28.7 

O 

16 

34-8 

O 

26 

18.3 

O 

Partly  cloudy. 

17 

35-5 

O 

27 

3i-3 

O 

18 

40.2 

O 

28 

39-i 

O 

19 

5i-3 

O 

29 

28.7 

O 

20 

47-5 

O 

30 

15-6 

O 

Do. 

21 

54 -o 

O 

31 

11. 7 

.09 

Do. 

22 

58.5 

O 

Sept.     1 

29.8 

O 

23 

17-5 

.08 

2 

22.0 

O 

24 

23-9 

O 

do. 

3 

3-9 

T. 

Do. 

25 

16.3 

O 

4 

3-i 

.40 

Cloudy. 

26 

O 

5 

0.7 

.70 

Do. 

27 

54-o 

O 

6 

•25 

Do. 

28 

22.4 

O 

7 

7.8 

.01 

Partly  cloudy. 

29 

9.0 

O 

Cloudy. 

8 

0.6 

•25 

Cloudy. 

30 

20.5 

O 

Partly  cloudy. 

9 

8-7 

0 

Partly  cloudy. 

31 

15-9 

O 

do. 

10 

*3-9 

0 

Aug.      1 

14.9 

O 

do. 

11 

2.7 

.40 

Cloudy. 

2 

"•3 

O 

do. 

12 

22.0 

0 

3 

9.0 

O 

do. 

13 

46.0 

0 

4 

14.6 

O 

do. 

14 

27.8 

0 

5 

3i-5 

O 

do. 

15 

16. 1 

0 

Do. 

6 

27-3 

O 

do. 

16 

6-5 

0 

Do. 

7 

17.9 

O 

do. 

17 

10.9 

0 

Do. 

8 

25.0 

O 

18 

19.4 

0 

9 

33-5 

O 

19 

17.6 

0 

10 

34-i 

O 

20 

28.2 

0 

11 

18.0 

•°5 

Partly  cloudy. 

21 

78.6 

0 

12 

16. 1 

O 

do. 

22 

43-8 

0 

13 

36-5 

O 

23 

28.8 

0 

14 

59-o 

O 

24 

22.3 

0 

15 

47-3 

O 

25 

19.8 

0 

16 

21.7 

O 

26 

17.0 

0 

17 

13-9 

O 

do. 

27 

.12 

Do. 

18 

25-5 

O 

28 

19.7 

•4 

19 

34-6 

O 

29 

0 

20 

34-2 

O 

30 

6-3 

•55 

Do. 

Table  II. — Daily  temperature,  evaporation,  and  precipitation  at  Corvallis,  Oreg.,  IQ20 


Date. 

Temperature. 

Evapora- 
tion. 

Precipita- 
tion. 

Minimum. 

Mean. 

Maximum. 

Character  of  weathe  . 

Mar.    29 

0  F. 
35 
24 
33 
39 
34 
45 
44 

°  F. 

45- 6 
34- 0 

38.6 

41.8 
41. 1 

48.  2 

49.4 

0  F. 
58 
48 

47 
46 

51 
62 

62 

Cc. 
12.  6 

7-i 

5-9 
10.  2 

20.  4 

Inches. 
O 

0.  50 

•32 
.  20 
0 
.04 
•°3 

■JO 

Cloudy. 
Do 

31 

Apr.      1 

Do. 
Partly  cloudy. 
Cloudy. 
Partly  cloudy. 

2 

3 

4 

23.0 
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Table  II. — Daily  temperature,  evaporation,  and  precipitation  at  Corvallis,  Oreg.,  1920 — 

Continued 


Date. 


Apr.     5 
6 

7 
8 

9 

10 
11 
12 

13 
14 

IS 
16 

17 
18 

*9 

20 
21 
22 

23 
24 

25 
26 

27 
28 

29 

3° 

May      1 

2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

12 

13 

14 

*5 
16 

17 
18 

19 
20 
21 
22 

23 
24 

25 
26 

27 
28 
29 

3° 

T  3I 

June     1 
2 


Temperature. 


Minimum.        Mean.        Maximum 


F. 


°F. 

36 

44.2 

44 

47-3 

33 

4i-5 

32 

40.  2 

40 

44-3 

29 

45-6 

42 

50.6 

37 

45-2 

37 

43-7 

41 

45-5 

29 

41.9 

3° 

42.4 

27 

42.7 

42 

5i-i 

3° 

39-7 

28 

39- 0 

3° 

39- 0 

2b 

39-9 

28 

43-9 

3i 

49.2 

32 

54-8 

36 

57-5 

39 

5i-7 

40 

48.5 

38 

46.3 

37 

46.5 

36 

4b.  1 

3° 

47-5 

3° 

48.4 

3i 

49-3 

33 

52.  b 

37 

58.5 

46 

56.7 

40 

53- 0 

27 

46.9 

28 

4b.  b 

3° 

48.0 

30 

5°-3 

28 

49.0 

38 

55-9 

35 

55-i 

5° 

bi.  b 

37 

53-5 

3i 

5i-5 

3S 

52.2 

34 

48.9 

27 

47- S 

42 

52.1 

34 

48.  1 

25 

42.8 

32 

5°-9 

37 

52-i 

34 

50.1 

34 

49.  b 

2b 

44-3 

28 

47.0 

3° 

52-7 

35 

58-4 

44 

64.  1 

56 

55 
54 
50 

55 
bo 

65 

54 
56 
56 
56 
52 
56 
64 
56 
48 

52 
57 
59 
63 
70 

78 
b8 

65 

55 

59 
bo 

b2 
64 
64 
69 
79 
78 

69 
66 

64 
64 

b8 

69 

72 

73 
80 
70 

74 
70 
66 
64 
65 
65 

59 
b6 

b8 

69 
b8 
bi 

64 
70 

78 

85 


Evapora- 
tion. 


Cc. 


32.2 
9.2 
3-6 


33-6 
3-3 
7-9 
6-7 

12.  4 

12.3 


27.9 

7-9 
6.  o 

5-2 


19-5 


42.  2 
2b.  3 


38.3 
13-7 
15.2 


34- 

17- 
19. 
19. 
24. 
22. 


45- ° 
20.8 
21.8 
25-9 
24-3 
33-9 

56-4 

15-9 
24.  2 
25.1 
11.  9 
20.  4 

33-6 
13.  2 

21-5 

15-5 
20.  o 
17.8 

31-3 
3i-7 
40.  2 

39-  1 


Precipita-    character  0{  weather . 
tion. 


Inches. 
O.08 

•°3 
.08 

•58 
.  IO 
.  IO 

o 

.  12 
.  II 

•35 
.  10 

•°5 
.  01 

o 
.24 
.  11 
.ob 
.09 

o 

o 

o 

o 

o 

o 

o 


01 


o 
o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
0 
o 
o 
o 
o 


°3 


23 


17 

01 

05 

02 


o 
o 
o 


Cloudy. 

Do. 
Cloudy. 

Do. 


Partly  cloudy. 
Cloudy. 

Partly  cloudy. 


Cloudy. 
Partly  cloudy. 

Do. 

Do. 


Do. 
Do. 

Do. 


Do. 
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Table  II. — Daily  temperature,  evaporation,  and  precipitation  at  Corvallis,  Oreg.,  IQ20 — 

Continued 


Date. 


June 


July 


3- 
4... 

6... 

7... 

8... 

9... 
10. .. 
11. .. 
12. .. 
13... 
14... 
15... 
16... 
17... 
18.. 
19.. 

20.  . 

21.  . 
22. . 

23- • 
24.. 

25-  • 

26.. 

27.. 
28.. 
29.. 

3°- 

1.  . 

2.  . 

3-- 
4-  • 

5-- 
6.. 

!■■ 
8.. 
9.. 

10. . 

11. . 

12. . 

13- 
14. 

16. 

17- 
18. 
19. 
20. 
21. 
22. 

23- 
24. 

25- 
26. 
27. 
28. 
29. 


Temperature. 


Minimum. 


47 
42 

45 
5i 
45 
37 
38 
5° 
45 
49 
54 
44 
36 
52 
38 
39 
44 
46 
46 
33 
35 
42 

39 

45 
47 
44 
49 
43 
45 

46 

38 

36 

39 
48 

5° 

43 

39 

49 

5° 

5i 

52 

48 

49 

56 

45 

53 

5° 

50 

4i 

41 

42 

40 

40 

49 

54 
56 
40 


Mean.   Maximum. 


>F. 

63- 
58. 
58. 
53- 
52- 
52- 
53- 
55- 


54-6 
4 
5 


57 
57 
55-8 
52.  o 
58.  2' 

54-5 
56.8 
63.  2 

64-5 
59-9 
52-9 
52.2 

53- o 

52-7 
62.  4 
64.7 
64.7 
67.7 

65-3 
67.  1 

67-3 

58.1 

59-8 

62.  4 
68.5 
68.1 

60.  o 

63.  1 
60.6 
57-2 
56.  o 

57- o 
60.8 
64.8 

64.  7 

63-5 
64.4 

61.  2 
64.  1 
59-2 

62.  9 
60.  9 
59-4 
63-4 
67.9 
66.0 
60.6 
57-6 


Evapora- 
tion. 


88 
79 
75 
63 
58 
69 
72 
66 
66 

74 
62 

67 
68 
72 
7i 
7i 
80 

84 
82 
62 
68 
70 
67 
78 
82 

84 

89 
88 
88 

90 
80 
82 

84 
89 
93 

78 

85 
80 
68 
66 
62 
76 
86 
88 
81 
81 

74 
82 

78 
82 
80 

77 
84 
88 

84 

70 
70 


Cc. 
44.6 
24.  7 


23-4 

5-1 
12.  7 
21.  9 
10.  s 
16.  9 


20.  1 
22.3 
15.2 
14.  1 
20.  o 
27.  6 


Precipita- 
tion. 


70.  I 
28.8 

17.  2 
26.6 
16.6 

18.  2 


69.6 
26.  9 

34-  2 
28.8 
38.6 

43-3 


93-5 
36.5 
38.7 
23-4 
2S.  7 


39-9 

7-7 

5-2 

9.2 

22.8 

23-7 


58.2 
17.9 
25.0 
21.  2 
30.  2 
28.6 


65.8 

36-4 

35-7 
12.8 

13- 8 


Inches. 

O 

o 

o 

.  10 

.41 

•39 


o 

o 


03 

20 

•53 


19 


Character  of  weather. 


O 

o 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

o 
o 
o 
o 
o 
o 
o 


o 
o 
o 

.41 

Trace 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 


Cloudy. 

Partly  cloudy. 

Cloudy. 
Partly  cloudy. 

Cloudy. 
Partly  cloudy. 

Do. 

Do. 

Do. 


Do. 


Do. 


Cloudy. 
Do. 


Do. 
Do. 
Do. 
Partly  cloudy. 
Do. 


Cloudy. 
Do. 
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Table  II. — Daily  temperature,  evaporation,  and  precipitation  at  Corvallis,  Oreg.,  IQ20 — 

Continued . 


Date. 


July   30 

31 

Aug.     1 

2 

3 
4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 

IS 

16 

17 
18 

J9 
20 

21 

22 

23 
24 

25 
26 
27 
28 
29 

3° 

3i 

Sept.    1 

2 

3 

4 

5 
6 

7 
8 

9 

10 

11 
12 

13 
14 
15 


Temperature 

Evapora- 
tion. 

Preeipita-  , 
tion. 

Minimum. 

Mean. 

Maximum. 

°F. 

°F 

°F 

Cc 

Inches- 

44 

63.8 

83 

26.3 

O 

40 
46 

61.  9 
64.9 

80 

O 

87 

63.O 

O 

45 

63.8 

84 

28.5 

O 

46 

66.6 

82 

3^-3 

O 

54 

69.4 

89 

36.6 

O 

53 

66.4 

84 

21.  6 

O 

47 

65.8 

88 

27.7 

•°5 

59 
56 

71.  6 
65.6 

88 

0 

82 

53-3 

0 

45 

03-7 

82 

27.  6 

0 

48 

67.  2 

88 

3°-9 

0   ', 

5° 

74-5 

92 

5°-9 

0 

53 

76.9 

100 

49-5 

0 

47 

74-5 

100 

40.9 

0 

43 
45 

68.4 
67.  2 

97 
93 

0 

72.9 

0 

40 

61.6 

86 

32.  1 

0 

32 

54- 0 

75 

23-7 

0 

42 

58-4 

76 

29.  6 

0 

4i 

67.6 

88 

47-4 

0 

42 

67.6 

96 

36-4 

0 

46 
42 

67.  0 
60.  7 

94 

85 

0 

52-4 

0 

56 

67.9 

87 

33-3 

0 

48 

61.3 

77 

22.  6 

0 

36 

43 

5i-9 
58.0 

70 
76 

.  01 

32-5 

0 

40 

5°-7 

64 

3-8 

.  22 

5i 
3° 

57-8 
48.2 

74 
67 

.  02 

27.9 

•49 

37 

54-9 

74 

23.0 

0 

40 

65-3 

85 

46.4 

0 

41 

64.6 

90 

32-4 

0 

40 

62.  1 

87 

24-3 

0 

40 

58.9 

82 

20.  1 

0 

5° 
33 

60.6 

78 
7i 

0 

53-3 

33-9 

0 

32 

5i-4 

70 

19.7 

0 

41 

55-4 

74 

16.3 

0 

47 

53-3 

62 

9-7 

0 

48 

5i-5 

58 

5-o 

.08 

52 

56-4 

60 

3-3 

•23 

49 
48 

56- 9 

54-  2 

69 
68 

.  01 

14.  2 

1.  18 

44 

5°-5 

58 

i-7 

•95 

37 

5°-9 

69 

9.6 

.26 

41 

55-7 

75 

15-2 

0 

Character  of  weather. 


Cloudy. 


Do. 
Do. 

Do. 
Do. 
Do. 


Do. 

Do. 

Do. 

Do. 
Partly  cloudy. 
Cloudy. 
Partly  cloudy. 


EVAPORATION  STUDIES 

During  the  summer  of  1919  a  series  of  experiments  was  conducted  in 
the  hope  that  the  measurement  of  atmospheric  evaporation — combining, 
as  it  does,  effects  of  both  temperature  and  humidity— might,  under  nor- 
mal outdoor  conditions,  give  a  fairly  accurate  index  to  the  rate  of  meta- 
bolism of  Aphis  pomi.  The  study  was  continued  during  the  summer  of 
1920. 
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The  daily  evaporation  rates  during  the  periods  covered  by  these  inves- 
tigations are  given  in  Tables  I  and  II  and  are  shown  graphically  in 
figures  3,  4,  5,  and  6. 
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Fig.  6. — Daily  records  of  evaporation,  precipitation,  and  temperature, 
Corvatlis,  Oreg.,  summer  of  1920. 
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During  the  summer  of  19 19  the  highest  daily  evaporation  of  78.6  cc. 
occurred  on  September  21.  This  was  probably  due  to  continuous  wind 
movement  rather  than  to  unusually  high  temperature  or  low  humidity. 
The  highest  evaporation  recorded  during  1920  occurred  on  August  11, 
being  50.9  cc.  As  would  be  expected,  there  is  a  marked  correlation 
between  the  amount  of  evaporation  and  precipitation  and  temperature, 
the  highest  evaporation  occurring  during  periods  of  high  temperature 
and  little  precipitation.  Wind  is  also  an  important  factor,  and  the 
character  and  duration  as  well  as  the  actual  amount  of  precipitation  has 
a  great  influence  upon  evaporation.  A  long  period  of  light  rainfall 
retards  evaporation  more  than  a  short  period  of  heavy  rainfall,  although 
the  actual  amount  of  precipitation  may  be  greater  in  the  latter  case. 

A  study  of  the  data  here  presented  shows  that  there  is  a  general 
correlation  between  the  rate  of  evaporation  and  the  rate  of  development 
of  Aphis  pomi.  On  the  whole,  a  high  rate  of  evaporation  was  accom- 
panied by  a  rapid  development  of  the  aphids,  and  a  low  rate  of  evapora- 
tion by  a  comparatively  slow  development  of  the  insects.  While  this 
correlation  seems  to  be  true  in  a  general  way,  there  is  considerable  varia- 
tion from  the  rule.  The  variation  which  may  occur  in  the  average  daily 
rate  of  evaporation  during  any  given  length  of  developmental  period  is 
illustrated  graphically  in  figure  7. 


*0 

Vao. 
o 


/4~&/ii'P£/?/o0       //- ajypcfi/op 


S-£?AyPftf/OD 


Fig.  7. — Variation  in  average  daily  rates  of  evaporation  occurring  during  14,  11,  and  9  day  developmental 
periods.  White  bars  represent  average  daily  evaporation,  individual  records.  Black  bars  represent 
the  means  of  all  records  of  their  respective  periods. 

These  results  show  that  under  the  conditions  of  this  investigation, 
evaporation,  as  registered  by  the  standard  evaporimeter  used,  is  not  a 
satisfactory  measure  of  aphis  metabolism.  This  condition  apparently 
results  from  the  fact  that  the  combination  of  factors,  humidity,  tempera- 
ture, wind,  etc.,  which  influence  evaporation,  affect  evaporation  from 
the  standard  porous  cup  in  a  manner  which  is  not  closely  comparable 
to  their  effect  upon  the  metabolism  of  Aphis  pomi. 

As  pointed  out  by  Livingston,6  the  rates  of  evaporation  from  different 
types  of  evaporimeters  under  any  given  complex  of  atmospheric  condi- 
tions are  not  comparable.  It  is,  therefore,  not  surprising  that  evapora- 
tion from  an  instrument  as  used  in  these  experiments  would  not  give  an 
accurate  index  of  the  effects  of  the  atmospheric  conditions  upon  aphis 
metabolism.  It  is  possible  that  an  evaporimeter  more  closely  simulating 
the  conditions  of  the  aphid  body  might  give  a  closer  correlation  between 
atmospheric  evaporation  and  insect  metabolism. 

•  Livingston,  Burton  Edward,    op.  cit. 
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Table  III. — Relation  of  evaporation  to  rate  of  development  of  Aphis  pomi,  igig 


Aphid  series  No. 


I. 
2. 

3- 
4- 

5- 
6. 

7- 
8. 

9- 
10. 
11. 
12. 

*3- 
14- 
i5- 
16. 

i7- 
18. 
19. 
20. 
21. 
22. 
23- 

24- 
«5- 

26. 

27. 
28. 
29. 
30- 

31- 
32. 
33- 
34- 
35- 
36. 
37- 
38. 

39- 

40. 

41. 
42. 
43- 
44- 

45- 
46. 

47- 
48. 

49- 
So- 
5*- 
52- 

53- 
54- 
55- 
56. 
57- 
58. 

59- 
60. 


Date 

Date  of  birth,    first  young 
produced. 


July 


Mar.  31 

Apr.  29 

May  17 

June  2 

3 
4 

S 
6 

9 
10 
12 

13 
17 

18 
20 
21 
22 

23 
24 

25 
26 

27 
28 

29 

3° 
1 
2 

3 
4 
6 

7 
8 

9 
11 
12 

13 
14 
16 

29 

3° 

31 

3 

4 

7 

8 

11 

12 

13 
14 
16 

19 
ao 

21 

23 
24 

25 

26 

27 
28 

29 


Aug. 


July 


Apr.  29 
May  17 
June   2 

17 
18 
18 

19 
20 

23 
24 
25 
24 
29 
29 
1 
2 
3 
3 
5 
7 
8 
8 

9 
8 
10 
11 
12 
12 
14 
15 
17 
19 
18 
20 
22 
22 
21 
24 
9 

10 
11 
11 
17 
17 
18 

19 

20 

20 

23 
24 
28 
3° 

3° 

2 

5 
7 

7 

9 
12 

13 


Develop- 
mental 
period. 


Aug. 


Sept. 


Days. 
29 
18 
16 
15 
15 
14 
14 
14 
14 
14 

13 
II 
12 
II 
II 
II 
II 
IO 
II 
12 
12 
II 
II 

9 
IO 

IO 
IO 

9 

IO 

9 

10 

11 

9 

9 

10 

9 

7 

8 

11 

11 

11 

8 

13 
10 
10 
8 
8 
7 
9 
8 

9 
10 

9 
10 

12 

13 
12 

13 
15 
15 


Total 
evapora- 
tion. 


Cc. 

342.5 
410.  o 
294.  o 

336.2 

335-5 
203.6 
285.9 
277.8 
242.7 
265.9 
260.  7 
217.4 
268.8 
240.  2 

243-3 
253-5 
265.7 

248.5 
288.8 
296.5 
3°4-3 
295-5 
320.9 
256.6 
316.0 
3J3-o 
306.  1 
272.  6 
322.4 
318.0 
368.4 
405-5 
3I7-9 
345-9 
429.0 

392-5 
286.1 

339-4 
196.9 
222.  1 
245.0 
192.9 

382.5 
309.1 

305-1 
238.0 
254.6 
238.5 
304-3 
237.2 
286.9 
320.  1 
285.9 
274.0 
263.7 
235-8 
207.  9 
193-2 
187.2 
170.  1 


Average 
daily  evap- 
oration. 


Cc. 


II.  8 
22.8 
18.4 
22.  4 
22.  4 

14-5 
20.  4 
I9.8 
17.  2 
18.9 

20.  O 

I9.8 
22.  4 

21.  9 

22.  I 
23.O 
24.  I 
24.8 
20.  2 


24 

25 
26 
29 
28 

31 
31 

30 
30 
32. 

35-3 
36.8 

36-9 
35 
38 
42 

43 
40 

42 

17 


3 

4 
9 
6 

4 
9 


20.  2 
22.3 
24. 1 
29.4 
30.9 
30.5 
29.8 
31.8 
34-  1 
33-8 
29.7 
31.8 
32.0 

3J-7 
27.4 

21.  9 
18.  1 

17-3 
14.8 

12.5 
"•3 
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Table  III. — Relation  of  evaporation  to  rate  of  development  of  Aphis  pomi,  igig — Con. 


Aphid  series  No. 


61 
62 

63 
64 

65 
66 

67 
68 
69 

70 

7i 

72 


Date 

Date  of  bir 

first  young 

produced. 

Aug. 

3° 

Sept.    22 

31 

M 

Sept. 

1 

15 

2 

15 

3 

18 

5 

*9 

6 

19 

8 

21 

10 

21 

11 

23 

13 

28 

16 

3° 

Develop- 
mental 
period. 


Days. 


24 
14 
14 
13 
15 
14 
13 
13 
11 
12 

15 
14 


Total 
evapora- 
tion. 


Cc. 
392 

170 
187 

159 

170 

183 
182 
220 
211 
319 
392 
3i5 


Average 
daily  evap- 
oration. 


Cc. 


16.  4 
12.  2 

13' 
12 

II, 

13 
14 

17 
19 

26.  5 
26.  2 
22.  5 


Tabi.E  IV. — Relation  of  evaporation  to  rate  of  development  of  Aphis  pomi;  summary  of 

data  for  IQIQ  and  1920 


Length  of  de- 

Average total 

Average 

velopmental 

evaporation 

daily  evap- 

period. 

for  period. 

oration. 

Days. 

Cc. 

Cc. 

36 

453-9 

12.  6 

1 

29 

342.5 

11.  8 

1 

24 

392-5 

16.4 

1 

22 

406.  6 

18.5 

1 

*9 

412.  6 

21.  7 

1 

18 

408.  0 

22.  7 

2 

16 

294.  0 

18.4 

1 

15 

265-3 

17.7 

6 

14 

236.5 

16.  9 

10 

13 

256.9 

19.7 

10 

12 

265.8 

22.  1 

8 

II 

266.  2 

24.  2 

IS 

IO 

3°5-2 

3°-5 

14 

9 

284.  2 

31.6 

14 

8 

252-4 

3i-5 

5 

7 

262.  3 

37-5 

2 

TEMPERATURE  STUDIES 

The  data  obtained  during  19 19  showed  that,  while  there  is  a  general 
correlation  between  evaporation  and  the  rate  of  metabolism  of  Aphis  pomi, 
a  measure  of  evaporation  alone  is  not  a  satisfactory  index  to  aphid  devel- 
opment. During  the  summer  of  1920  the  investigation  was  continued  and 
accurate  records  of  temperature  as  well  as  evaporation  were  maintained. 

The  daily  maximum,  mean,  and  minimum  temperatures  for  the  summer 
of  1920  are  given  in  Table  II  and  are  shown  graphically  in  figures  5  and  6. 
It  will  be  noted  that  there  was  considerable  daily  variation  in  temperature 
ranging  from  a  minimum  variation  of  70  F.  on  April  1  to  the  maximum 
variation  of  54°  on  August  14.  In  general,  the  greatest  daily  variation 
occurred  during  periods  of  high  mean  temperatures  and  was  correlated 
with  a  high  rate  of  evaporation.  Periods  of  little  daily  variation  in 
temperature  were  usually  accompanied  by  low  mean  temperatures,  by 
little  evaporation,  and  frequently  by  precipitation. 
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Table  V  shows  the  relation  of  temperature  to  the  rate  of  development  of 
Aphis  pomi.  The  actual  mean  temperatures  of  the  developmental  periods 
of  the  several  series  were  first  plotted  as  shown  by  the  circles  on  the 
graph,  figure  8.     It  was  found  that  these  points  lie  approximately  along 
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Fig.  8.— Curve  showing  theoretical  relation  of  temperature  to  rate  of  development  of  Aphis  pomi. 


a  hyperbolic  curve  having  the  formula  x  = 


t  •      This  formula  may  be 
expressed  by  the  formula:    Length  of  developmental  period  in   days 

180 


Temperature  in  degrees  Fahrenheit  — 41 ' 

If  the  curve  thus  plotted  be  extended  it  will  be  found  that  as  the  tem- 
perature is  lowered  the  development  of  the  aphids  becomes  less  rapid, 
until  at  a  temperature  of  41  °  F.  or  less  development  ceases  entirely.  In 
other  words,  only  temperatures  above  41  °  are  "  effective"8  in  the  develop- 
ment of  Aphis  pomi.  By  subtracting  all  temperatures  of  41  °  or  less  and 
by  computing  the  mean  of  the  remaining  temperature  readings  the  mean 
effective  temperatures  (Table  V)  were  obtained.  By  subtracting  from 
the  developmental  period  the  time  during  which  the  temperature  was  41  ° 
or  less  the  duration  of  effective  temperature  was  determined.  These 
data  were  then  plotted  on  the  graph  (fig.  8)  as  indicated  by  the  crosses. 

7  The  writer  is  indebted  to  Prof.  E.  B.  Beaty,  of  the  Department  of  Mathematics,  Oregon  Agricultural 
College,  for  the  computation  of  the  formula  for  this  curve. 

0  Sanderson,  E.  Dwight.  the  relation  of  temperature  to  the  growth  of  insects.  In  Jour  . 
Econ.  Ent.,  v.  3,  no.  2,  p.  113-139,  fig.  6-26.     1910.    Authors  cited,  p.  138-139. 
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Table  V. — Relation  of  temperature  and  evaporation  to  rate  of  development  of  Apkis 

pomi,  IQ20 


Aphid 

series 

No. 


I 

2 

3 

4 

5 
6 

7 
8 

9 
io 
ii 

12 

13 

14 

15 
16 

17 
18 

19 
20 


Date  of 
birth. 


Mar.    28 
May      3 

13 
16 


June 


31 
2 

9 
14 
17 
21 

27 

3° 
7 
9 
18 
28 
Aug.  12 
20 
20 
23 


July 


Date  first 
young  pro- 
duced. 


May       3 
16 


June 


July 

Aug. 
Sept. 


1 

3 
12 

16 
21 
27 
27 

3° 
6 

9 
18 
18 
28 

6 

23 
2 

11 
2 


Develop- 

Total 

1 
Average  j 

daily 
evapora-  1 

tion. 

mental 
period. 

evapora- 
tion. 

Days. 

Cc. 

Cc. 

36 

453-9 

12.  6 

13 

312.4 

24.  0 

J9 

412.  6 

21.  7 

18 

406.  0 

22.6 

12 

249.  1 

20.8 

14 

23I-5 

16.5 

12 

216.8 

18.  1 

13 

324.0 

24.9 

10 

274.7 

27-5 

9 

238.1 

26.5 

9 

265.3 

29-5 

9 

302.7 

33-6 

11 

218.8 

19.9 

9 

166.  7 

18.5 

10 

273.6 

27.4 

9 

226.  1 

25.1 

11 

368.7 

33-5 

13 

298.6 

22.  9 

22 

406.  6 

18.5 

10 

212.  9 

21.3 

Mean 
tempera- 
ture. 


"F. 

45- 

52- 

51' 
Si' 

56. 
55' 
57' 
57' 
58 
59 
64 

63 
61.  1 

61.  o 

62.  5 

64-5 
63.8 

59-3 
57-6 

57-5 


Duration 
of  effective 
tempera- 
ture. 


Days. 

23-3 

10.  4 

14-5 
13- 9 

11.  6 

13-3 
11. 4 

12.  2 

9-5 
8.6 

8.7 

8.7 

10.  9 

9.0 

9.8 

8.0 

10.  7 

12.  o 

20.  5 

9.0 


Mean  ef- 
fective 
tempera- 
ture. 


49.7 
57-4 
56.5 
56.5 
57-3 
56.2 

58.  1 
59-6 

60.  o 
61.8 
65-7 
63-9 
61.3 

61.  1 

62.  7 
66.1 

64-5 
60.  2 
58.6 
59-8 


In  general,  the  records  as  shown  on  figure  8  do  not  coincide  exactly 
with  the  theoretical  curve  of  development.  This  is  no  doubt  due  largely 
to  the  fact  that  observations  of  the  aphids  were  made  only  once  daily, 
which  would  tend  to  cause  a  lagging  in  the  recorded  rate  of  development 
of  the  insects.  Toward  the  end  of  the  growing  season  the  development 
of  the  aphids  in  some  of  the  series  was  probably  retarded  to  some  extent 
by  the  lack  of  succulence  of  the  plant  tissues,  in  spite  of  the  fact  that  the 
most  succulent  growing  tips  were  selected  for  rearing  the  aphids.  The 
extent  to  which  development  may  be  retarded  by  such  a  limiting  factor 
is  shown  by  series  19,  which  was  reared  upon  mature  foliage.  For  its 
development  this  series  required  a  period  of  effective  temperature  of  20.5 
days,  although  accompanied  by  a  mean  effective  temperature  (58.6°) 
high  enough  to  permit  development  in  half  the  time  consumed.  This 
effect  of  the  growth  of  the  plant  upon  the  development  of  Aphis  pomi 
was  also  noted  by  Baker  and  Turner,9  who  regard  it  as  a  food  relationship. 
It  is  evident  that  the  condition  of  the  foliage  of  the  food  plant  frequently 
constitutes  a  limiting  factor  of  considerable  importance  to  the  activities 
of  Aphis  pomi. 

CONCLUSIONS 

Under  normal  outdoor  conditions  there  is  a  general  correlation  between 
atmospheric  evaporation  and  the  rate  of  development  of  Aphis  pomi. 

Atmospheric  evaporation,  as  measured  by  the  standard  evaporimeter 
used,  does  not  serve  as  a  satisfactory  index  to  the  rate  of  development 
of  Aphis  pomi. 


•  Baker,  A.  C,  and  Turner,  W.  F.    morphology  and  biology  of  the  green  apple  aphis. 
Jour.  Agr.  Research,  v.  5,  no.  21,  p.  983,  pi.  75.     1916. 
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Temperature,  during  periods  when  no  other  factor  limits  the  rate  of 
development  of  the  species,  constitutes  a  more  satisfactory  index  than 
does  the  rate  of  atmospheric  evaporation. 

The  relation  of  temperature  to  the  rate  of  development  of  Aphis  pomi 
may  be  represented  by  a  hyperbolic  curve  having  the  formula :  length  of 

"  P  ^      Temperatures  in  degrees  Fahrenheit— 41 

Plant  growth  frequently  constitutes  a  factor  limiting  the  rate  of  devel- 
opment of  Aphis  pomi  feeding  on  slowly  growing  foliage. 
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DOWNY  MILDEW  ON  LETTUCE  IN  CALIFORNIA 

By  D.  G.  Milbrath  ' 

Assistant  Pathologist,  Cotton,  Truck,  and  Forage  Crop  Disease  Investigations,  Bureau 
of  Plant  Industry,   United  States  Department  of  Agriculture 

INTRODUCTION 

Downy  mildew  caused  by  Bremia  lactucae  Regel  was  reported  several 
decades  ago  by  Arthur  (j),2  Burrill  (4),  Halsted  (6,  p.  175-176),  and 
Farlow  (5,  p.  313) ,  as  occurring  in  this  country  on  lettuce  grown  under  glass. 
During  a  long  period  following  these  early  reports,  investigators  appear 
not  to  have  given  any  intensive  attention  to  this  disease  outside  of 
Europe,  where  Marchal  (7)  obtained  partial  control  of  it  by  the  applica- 
tion of  chemicals  to  the  soil.  Recently,  downy  mildew  was  reported 
as  causing  slight  losses,  usually  in  greenhouses,  in  most  of  the  North- 
eastern States  and  in  Ohio,  Indiana,  Iowa,  and  Texas.  With  the 
exception  of  these  notes  on  the  occurrence  of  the  disease,  referring 
to  it  entirely  as  a  greenhouse  problem,  discussions  of  B.  lactucae  in  litera- 
ture have  been  meager,  and  no  attention  appears  to  have  been  given 
to  it  as  a  pathological  problem  of  lettuce  grown  in  the  field  on  a  com- 
mercial scale.  In  California,  where  extensive  acreages  are  annually 
planted  to  lettuce,  downy  mildew  has  become  an  important  factor  both 
in  production  and  transportation. 

EARLY  CLASSIFICATION  OF  THE  FUNGUS 

Bremia  lactucae  was  first  recorded  as  a  parasite  on  lettuce  and  other 
compositae  in  Europe  in  1843.  Although  the  fungus  retained  its 
position  among  the  Peronosporaceae,  according  to  Saccardo  (8,  p.  244) ,  it 
was  discussed  later  by  Berkeley  (3),  de  Bary  (2,  p.  108),  and  others  under 
the  names  of  Peronospora  gangliformis  (Berk.)  de  Bary,  Botrytis  gang- 
lioniformis  Berk.,  Peronospora  ganglionic  or  mis  Berk.,  P.  nivea,  Botrytis 
lactucae,  Botrytis  geminata,  Botrytis  sonchicola  Schlecht.,  and  Actinobotrys 
tulasnei  Hoffm. 

DISTRIBUTION  OF  THE  DISEASE  IN  CALIFORNIA 

The  most  important  commercial  lettuce-growing  areas  of  California 
are  located  in  the  Imperial  Valley  and  the  Los  Angeles,  Sacramento, 
and  Watsonville  districts.  During  the  season  of  1919-20,  there  were 
approximately  19,000  acres  of  lettuce  in  these  districts,  and  the  major 
portion  of  the  product  of  this  acreage  was  destined  for  carlot  shipments 
to  markets  in  all  parts  of  the  country.  The  lettuce  planted  consists 
largely  of  the  variety  known  as  New  York.  3  During  the  past  few 
years  about  85  per  cent  of  the  total  annual  acreage  has  been  planted  to 


1  Accepted  for  publication  July  a,  1931. 

*  Reference  is  made  by  number  (italic)  to  "  Literature  cited,"  993. 

*  The  variety  New  York  is  also  known  locally  as  Los  Angeles  and  Los  Angeles  Market.  In  Eastern 
markets  it  is  frequently  erroneously  called  Iceberg.  Other  synonyms  of  this  variety  are  Henderson's  New 
York,  Bonanza,  Schwill's  Bonanza,  Queen,  Faust's  Queen,  Sterling,  Hastings's  Drum  Head,  Wonderful, 
and  Neapolitan. 
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this  variety,  while  the  remaining  15  per  cent  consisted  largely  of  the 
varieties  known  as  Iceberg  and  Big  Boston.  Both  New  York  and  Ice- 
berg are  cabbage-heading  varieties,  the  former  wholly  green  and  the  latter 
greenish  with  a  brownish  tinge.  Synonyms  for  Iceberg  are  Burpee's 
Iceberg,  Curled  India,  and  Weaver's  Market  Gardener's.  Synonyms 
were  taken  from  the  work  of  W.  W.  Tracy,  jr.  (9). 

With  the  concentration  of  the  industry  upon  one  variety  to  the  extent 
of  85  per  cent,  an  increasing  amount  of  downy  mildew  has  developed, 
particularly  since  the  variety  New  York  is  highly  susceptible  to  that 
disease.  In  the  Imperial  Valley  the  disease  was  found  in  a  milder  form 
than  in  other  districts.  In  the  Los  Angeles  district  the  fungus  was  found 
on  lettuce  during  all  months  of  the  year  but  appeared  to  be  most  active 
from  October  to  May.  During  this  period,  in  many  fields  where  the 
plants  were  approaching  condition  for  harvest,  90  per  cent  of  the  crop 
was  affected  severely,  that  is  to  say  the  fungus  was  found  on  most  of  the 
exposed  leaves  regardless  of  age.  In  a  survey  of  the  whole  district 
during  the  season  of  1919-20  an  estimate  of  40  per  cent  severe  infection 
was  made.  In  the  Watsonville  and  Sacramento  districts  the  severity  of 
the  disease  was  similar  to  that  in  the  Los  Angeles  district. 

SYMPTOMS  OF  THE  DISEASE 

The  first  indications  of  infection  appear  as  scattered  light  green  to 
yellow  areas  on  the  upper  surface  of  the  leaf.  Any  exposed  leaf  may  be 
attacked,  although  the  oldest  leaves  frequently  show  the  first  signs  of 
infection.  Shortly  after  the  appearance  of  these  discolored  areas,  the 
fungus  develops  on  the  lower  surface  of  the  leaves  as  patches  of  downy 
white  directly  beneath  the  discolored  areas.  Conidial  development  is 
almost  simultaneous  with  the  appearance  of  the  fungus  on  the  lower 
surface.  The  size  of  the  spots  varies  from  %  to  %  inch  in  diameter, 
the  surface  development  of  the  organism  being  limited  by  the  extent  of 
spread  within  the  tissues  of  the  host.  Frequently  spots  coalesce  and 
when  of  long  standing  take  on  a  brown  color,  giving  rise  to  the  term 
"brown  margin"  recently  employed  by  inspectors  of  the  Bureau  of 
Markets  (PI.  1). 

DESTRUCTIVENESS  OF  THE  DISEASE 

The  frequency  and  severity  of  infection  of  lettuce  heads  makes  selec- 
tion in  the  field  and  close  trimming  in  packing  for  shipment  impracti- 
cable. In  packing,  the  outer  leaves,  usually  three  to  four  in  number, 
are  removed.  This  amount  of  trimming  does  not  reduce  appreciably 
the  amount  of  infection,  since  not  only  do  the  outer  leaves  contain  brown 
lesions  or  spots  but  many  of  the  younger  leaves  are  covered  with  later 
infections. 

For  immediate  local  consumption  lettuce  so  affected  as  to  have  the 
margins  of  the  outer  leaves  browned  and  white  patches  of  fungus  on 
other  exposed  parts  is  not  greatly  reduced  in  value,  but  when  such 
lettuce  is  stored  or  shipped,  rapid  deterioration  through  decay  is  likely 
to  occur.  That  a  large  portion  of  the  crop  is  shipped  out  of  the  State 
is  shown  by  the  record  of  over  5,789  cars  of  lettuce  shipped  during  the 
year  from  July,  19 19,  to  July,  1920. 

Bremia  lactucae  was  found  to  remain  vigorous  and  even  to  flourish  on 
lettuce  in  cars  under  refrigeration  on  arrival  at  destination.     Dr.  G.  K. 
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K.  Link,  in  an  unpublished  report,  stated  that  the  fungus  was  abundant 
on  lettuce  shipped  from  California  to  Houston,  Tex.,  New  Orleans,  La., 
and  Chicago,  111.  On  arrival  at  these  points,  the  heads  were  badly 
decayed.  That  such  decay  occurs  readily  was  established  in  the  labora- 
tory, where  lettuce  heads,  some  severely  affected  with  lesions  caused  by 
Bremia  lactucae  and  some  normal,  were  placed  under  similar  conditions 
and  where  the  affected  heads  always  decayed  more  rapidly  than  normal 
heads.  A  number  of  secondary  organisms  in  the  form  of  species  of 
Macrosporium,  Cladosporium,  Botrytis,  P'usarium,  and  Aspergillus  were 
isolated  from  lesions  caused  by  Bremia  lactucae,  and  of  these  several  are 
capable  of  causing  decay. 

CAUSAL  FUNGUS 

Bremia  lactucae  has  long  been  known  as  one  of  the  Peronosporaceae. 
En  masse,  the  fungus  when  first  appearing  on  the  outer  portion  of  the 
leaf  is  of  a  snowy  white  color.  Microscopically,  both  mycelium  and 
conidia  are  hyaline.  In  the  host  the  mycelium  grows  between  the 
cell  walls,  projecting  modified  club-shaped  haustoria  into  the  cells. 
Aerial  portions  of  the  fungus  proceed  generally  from  stomatal  openings, 
at  which  point  a  single  issuing  hypha  forms  a  bulbous  swelling.  From 
this  swelling  two  or  three  conidiophores  arise,  with  an  average  length 
of  190  microns  from  the  base  to  the  first  branches.  The  conidiophores 
are  nonseptate  and  profusely  branched,  both  dichotomously  and  tricho- 
tomously.  At  the  distal  end  of  each  branch  a  cuplike  swelling  projects 
four  or  five  sterigmatic  and  radiating  branchlets,  each  bearing  a  single 
conidium.  The  conidia  are  ovate,  hyaline,  papillate,  and  average  18.5 
by  17.5  microns  in  size  (PI.  2). 

Reproduction  takes  place  through  direct  germination  of  conidia  by 
means  of  a  germ  tube,  by  the  production  of  zoospores,  and  by  formation 
of  oospores.  Heretofore,  the  first  and  third  methods  of  reproduction 
have  been  mentioned  in  literature,  while  the  second,  the  production 
of  zoospores,  has  not  been  recorded  up  to  this  time.  Direct  germination 
was  readily  obtained  when  freshly  collected  conidia  were  placed  in  a 
hanging  drop  culture  for  a  period  of  24  hours.  While  the  formation 
of  germ  tubes  by  conidia  under  aquatic  conditions  was  being  studied 
free-swimming  zoospores  were  frequently  observed.  Numerous  and 
careful  preparations  of  cultures  through  selection  of  individual  conidia 
led  the  writer  to  conclude  that  under  certain  conditions  conidia  de- 
veloped zoospores,  while  under  others  they  germinated  directly.  It 
was  found  that  conidia  produced  during  the  cool  months,  December 
to  March,  inclusive,  formed  zoospores  more  readily  than  those  conidia 
collected  during  the  warm  season  of  the  year.  The  most  favorable 
conditions  for  the  development  of  zoospores  were  found  to  be  darkness 
and  a  temperature  in  the  vicinity  of  io°  C.  After  the  preparation 
had  been  subjected  to  these  conditions  for  a  period  of  24  to  48  hours, 
an  abundance  of  motile  ciliated  spores  could  be  observed.  These  spores 
were  hyaline,  globular,  ciliated,  motile  for  several  hours,  and  about 
4.2  microns  in  diameter.  The  exact  period  of  motility  was  not  deter- 
mined. After  emergence  of  the  zoospores,  the  epispore  collapsed  quickly. 
The  number  of  zoospores  formed  in  each  conidium  seemed  to  vary; 
however,  it  was  greater  than  eight.  The  media  employed  in  this  study 
were  physiological  salt  solution,  tap  water,  0.1  per  cent  dextrose  solu- 
tion, and  o.i  per  cent  bacto-peptone  solution.       Common  tap   water 
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appeared  to  be  as  efficient  as  any  other  medium  for  the  inducement 
of  zoospore  formation,  while  in  dextrose  solution  there  was  a  greater 
tendency  to  direct  germination  of  the  conidia.  After  coming  to  rest, 
the  zoospores  germinated  with  regularity  (PI.  2). 

The  complete  pathological  significance  of  zoospore  production  must 
be  determined  through  further  investigation.  It  is  very  evident  that 
environmental  conditions  play  an  important  part  in  the  determination 
between  direct  germination  and  zoospore  formation.  Although  direct 
germination  occurs  in  the  absence  of  light  and  at  io°  C,  zoospore  for- 
mation predominates  under  those  conditions,  and  one  is  led  to  conclude 
that  zoospores  provide  for  the  reproduction  ol  the  fungus  at  low  tem- 
peratures. 

SUSCEPTIBILITY  OF  LETTUCE  VARIETIES  TO  THE  ORGANISM 

The  disease  was  found  on  lettuce  during  all  parts  of  the  year,  but 
the  severest  infections  occurred  during  the  winter  months.  It  was 
thought  that  the  control  of  soil  moisture  during  irrigation  might  inhibit 
the  development  of  the  fungus.  In  order  to  accomplish  such  control, 
seed  beds  were  constructed  about  8  inches  above  the  irrigation  furrow, 
on  the  experiment  field  of  the  Office  of  Cotton,  Truck,  and  Forage  Crop 
Disease  Investigations,  located  at  Alhambra,  Calif.  Irrigation  water 
was  then  allowed  to  rise  in  the  furrow  to  a  line  4  inches  below  the  surface 
of  the  seed  bed.  This  attempt  to  reduce  soil  surface  moisture  and 
subsequent  condensation  of  moisture  on  the  plant's  leaf  surfaces  was 
futile  in  the  winter  months,  because  of  rains  and  frequent  fogs.  During 
the  rainless  months  a  considerable  amount  of  the  fungus  developed, 
but  not  to  as  great  an  extent  as  during  the  rainy  season. 

In  carrying  out  varietal  tests  of  lettuce,  it  was  soon  found  that  the 
variety  New  York  was  highly  susceptible  to  mildew,  while  several  other 
varieties  showed  evidence  of  resistance.  During  two  consecutive  years 
six  separate  plantings  were  made  each  year.  In  each  test  200  plants 
of  each  variety  were  kept  under  observation.  In  each  test  the  contrast 
in  susceptibility  between  the  varieties  New  York  and  Iceberg  was  mark- 
edly evident.  Iceberg  appeared  to  be  highly  resistant.  The  relative 
susceptibility  of  four  varieties  of  lettuce  in  two  tests  during  the  season 
of  1919-20  is  expressed  in  the  following  table. 


Variety. 


New  York . 
Iceberg. . .  . 
Big  Boston 
Hanson 


Number  of 
plants. 


200 
200 
200 
200 


Number  of  plants 
infected. 


Test  1. 


196 

1 

10 

12 


Test  2. 


170 
O 
6 
8 


The  contrast  in  susceptibility  between  New  York  and  Iceberg  (Pi.  3) 
is  obviously  in  favor  of  the  inferior  variety.  New  York  has  supplanted 
Iceberg  in  recent  years  on  account  of  the  production  of  a  firmer  and 
larger  head  during  the  winter  months,  the  main  growing  season.  Ice- 
berg excels  during  the  summer  months,  when  high  temperatures  retard 
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the  development  of  the  New  York.  The  latter  is  so  well  established  in 
the  trade  that  an  advocacy  of  substitution  by  Iceberg  would  be  viewed 
askance  by  shippers  at  present.  On  account  of  an  unfolding  of  its 
advantages  in  the  summer  months,  when  a  small  amount  of  Iceberg  is 
shipped,  the  two  varieties  rarely  meet  on  the  market  in  competition. 
The  variety  known  as  Hanson,  an  intermediate  variety  between  New 
York  and  Iceberg,  shows  considerable  resistance  to  downy  mildew.  The 
solution  of  the  problem  rests  in  the  selection  of  individuals  among  the 
resistant  varieties,  for  firmness  and  size  of  head. 

SUMMARY 

Climatic  conditions  in  California  are  favorable  and  conducive  to  the 
growth  of  Bremia  lactucae  on  lettuce  in  the  field.  The  abundance  of 
the  fungus  has  given  rise  to  an  important  problem  in  transportation  as 
well  as  in  the  field.  Reports  by  inspectors  of  the  Bureau  of  Markets 
point  to  frequent  deterioration  of  lettuce  in  transit  due  to  this  fungus, 
which  invades  the  plant  in  the  field. 

The  solution  of  the  field  problem  has  been  approached  in  a  large 
measure  by  the  determination  of  the  existence  of  resistance  in  certain 
varieties  of  lettuce. 

The  additional  method  of  reproduction  found  in  Bremia  lactucae  on 
lettuce  in  California  in  the  form  of  zoospore  production,  heretofore  unre- 
corded, does  not  change  the  position  of  the  fungus  in  the  Peronospo- 
raceae. 
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PLATE   i 

Single  leaf  of  New  York  variety  of  lettuce  showing  brown  or  old  lesions  caused  by 
Bremia  lactucae.     The  light  areas  in  the  left  of  leaf  are  new  infections. 
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PLATE  z 

Bremia  lactucae  Regel:  Various  stages  in  the  life  history  of  the  fungus. 

A. — Condiophore  bearing  conidia  and  showing  arrangement. 

B. — Single  conidium. 

C— Germination  of  conidium. 

D. — Conidium  with  zoospores  ready  for  emergence. 

E. — Zoospore  after  emergence  from  conidium. 

F. — Zoospore  germinating. 

G. — Stoma  of  lettuce  leaf,  showing  origin  of  conidiophore. 


PLATE  3 

Two  varieties  of  lettuce  from  test  plot,  showing  difference  in  susceptibility  to 
Bremia  lactucae.  New  York  on  the  left  shows  numerous  brown  lesions  and  high 
susceptibility.    Iceberg  on  the  right  is  entirely  clean;  shows  high  resistance. 


Downy  Mildew  on  Lettuce  in  California 


Plate  3 
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DETERMINATION     OF     STARCH     CONTENT     IN      THE 
PRESENCE  OF   INTERFERING  POLYSACCHARIDS  * 

By  George  Pelham  Walton,  Assistant  Chemist,  and  Mayne  R.  Coe,  Junior  Chemist, 
Cattle  Food  Laboratory,  Miscellaneous  Division,  Bureau  of  Chemistry,  United  States 
Department  of  Agriculture 

INTRODUCTION 

No  method  of  analysis  by  which  it  is  possible  to  determine  accurately 
the  quantity  of  starch  present  in  materials  containing  plant  mucilages, 
pectins,  or  similar  interfering  polysaccharids  has  yet  come  to  the  atten- 
tion of  the  authors.  Such  a  method,  if  reasonably  practicable,  should 
be  of  direct  aid  to  feed-control  officials  confronted  with  the  problem  of 
detecting  adulteration  in  linseed  meal  and  cake.  It  is  an  open  secret 
that  from  time  to  time  unscrupulous  millers  or  dealers  handling  linseed 
by-products  (cake,  meal,  and  flaxseed  screenings)  have  resorted  to  the 
following  practices:  The  so-called  "fine  screenings"  from  flaxseed  are 
run  in  with  clean  seed  on  the  way  to  the  crushers,  in  sufficient  quantity 
to  bring  the  total  content  of  "dockage"  up  to  about  5  per  cent;  flax 
screenings  are  crushed  and  pressed  for  low-grade  oil,  and  the  resulting 
screenings  cake  is  ground  and  mixed  with  ground  linseed  cake  in  vary- 
ing proportions;  chaff,  fine  screenings,  etc.,  removed  from  flaxseed,  are 
pulverized  and  used  to  adulterate  linseed  meal. 

It  is  impossible  to  determine  the  quantity  of  the  adulterant,  or  even 
to  prove  sophistication,  unless  it  is  excessive,  by  making  the  chemical 
analysis  usually  applied  to  feedingstuffs  (8),2  because  of  the  variations 
in  composition  of  pure  flaxseeds  from  different  sources  and  the  diverse 
character  of  the  "dockage"  or  impurities  associated  with  the  seed. 
The  seed  of  the  flax  plant,  however,  contains  no  starch.  Therefore  any 
starch  found  in  a  linseed  cake  or  meal  is  an  impurity  derived  from  foreign 
or  nonflax  tissues  present  in  the  product  examined.  A  small  quantity 
of  such  nonflax  material,  however,  does  not  necessarily  constitute  an 
adulteration.  The  Association  of  Feed  Control  Officials  of  the  United 
States  holds  that  the  maximum  quantity  of  weed  seeds  and  other  foreign 
materials  legitimately  permissible  in  linseed  cake  or  meal  is  6  per  cent,3 
equivalent  to  4  per  cent  of  foreign  matter  in  the  seed  before  crushing. 
From  data  collected  by  the  Bureau  of  Chemistry  (<?),  it  follows  that 
linseed  cake  or  meal  containing  less  than  38  per  cent  of  crude  protein, 
more  than  1 1  per  cent  of  crude  fiber,  or  more  than  2  per  cent  of  starch, 
when  calculated  to  a  moisture-free  and  ether-extract-free  basis,  is  open 
to  the  suspicion  of  having  been  adulterated.  As  the  starch  content  of 
the  nonflax  material  normally  associated  with  flaxseed  would  rarely, 
if  ever,  be  greater  than  50  per  cent,4  any  linseed  cake  or  meal  contain- 
ing more  than  3  per  cent  of  starch  should  be  considered  to  be  adulterated. 

1  Accepted  for  publication  Feb.   20,  1923. 

1  Reference  is  made  by  number  (italic)  to  "  Literature  Cited,"  p.  1006. 

8  In  the  definitions  of  the  association  there  is  the  further  provision  that  no  portion  of  the  stated  6  per 
cent  of  weed  seeds  and  other  foreign  materials  shall  be  deliberately  added. 

*  This  opinion  is  based  on  the  nature  of  the  flaxseed  ' '  dockage"  examined  for  a  large  number  of  samples 
of  country,  terminal,  and  mill  seed  (8). 
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An  accurate  method  for  the  determination  of  starch  in  linseed  by- 
products could  be  used  also  to  determine  starch  in  apple  pomace  and 
other  pectin-bearing  materials.  It  would  doubtless  be  of  value  also  to 
analysts  engaged  in  researches  in  dietetics,  in  determining  the  starch 
content  of  diabetic  foods  containing  troublesome  plant  slimes  and 
mucilages,  for  example. 

There  are  two  serious  difficulties  in  the  determination  of  starch  in 
material  like  linseed  meal :  (a)  It  is  nearly  impossible  to  effect  the  pre- 
liminary elimination  of  sugars  5  and  other  interfering  carbohydrates  by 
extraction  with  cold  water  or  10  per  cent  alcohol,  as  required  in  the  of- 
ficial methods  (/,  p.  95-96),  because  the  mucilaginous  substances  present 
in  linseed  meal  form  an  almost  impervious  layer  on  the  filter,  greatly 
retarding  percolation,  if  not  preventing  it.  (b)  Linseed  mucilage,  like 
other  vegetable  mucilages  and  pectins,  is  a  polysaccharid,  and  must  be 
excluded  from  the  material  subjected  to  acid  hydrolysis.  Otherwise 
it  will  yield  reducing  sugars,  thereby  increasing  the  apparent  starch 
content. 

The  official  direct  acid  hydrolysis  method  is  therefore  barred  from 
use  at  the  outset.  The  official  malt-diastase  method,  based  on  selective 
carbohydrate  hydrolysis,6  can  not  be  employed  because  of  the  first 
difficulty  mentioned.  Even  if  the  problem  of  washing  out  interfering 
sugars  be  solved,  after  the  malt  digestion  the  mucilage  has  lost  none  of 
its  capacity  for  obstructing  filtration  and  it  is  practically  impossible  to 
separate  the  starch  conversion  products  from  the  rest  of  the  material  in 
aqueous  solution. 

There  are,  of  course,  colorimetric  methods,  in  which  advantage  is 
taken  of  the  blue  color  of  the  compounds  of  starch  with  iodin.  One 
of  the  most  promising  modifications  of  this  type,  that  of  Cassal  (2), 
was  employed  in  estimating  the  starch  content  of  apple  pomace.  Because 
of  differences  in  the  quality  of  color  obtained  and  consequent  difficulty 
in  establishing  an  accurate  comparison  between  the  depth  of  this  color 
and  that  of  the  starch-iodin  standard,  however,  it  was  thought  that 
this  type  of  method  could  not  meet  the  requirements  in  accuracy  and 
dependability. 

EXPERIMENTAL 

PRELIMINARY   METHOD 

Because  of  its  coagulating  effect  on  colloidal  polysaccharids,  such  as 
pectins,  mucilages,  etc.,  strong  alcohol  can  be  used  to  eliminate  these 
substances  by  precipitation,  after  conversion  of  the  starch  by  selective 
enzyms.  For  this  to  be  of  value,  however,  the  starch  conversion  prod- 
ucts must  remain  in  solution  in  the  same  strong  alcohol. 

The  work  of  Davis  and  Daish  (j)  indicated  that  by  employing  taka- 
diastase  as  the  amylolytic  enzym  this  condition  could  be  fulfilled. 
These  investigators  reported  that  by  digesting  with  taka-diastase  at 
38°C.  for  a  sufficient  length  of  time,  starch  is  quantitatively  converted 
into  maltose  and  dextrose,  and  into  these  sugars  only.  Neville  (5)  has 
shown  that  this  enzym  has  no  effect  on  linseed  mucilage,  and  Schneider 
(6)  reported  that  it  does  not  hydrolyze  apple  pectin. 


6  Linseed  meal  normally  contains  from  3  to  4  per  cent  of  nonreducing  sugars,  calculated  as  sucrose.     A 
trace  of  reducing  sugars  is  usually  present.     Similar  results  have  been  reported  by  Van  Kampen(7). 

8  The  mucilage  of  linseed  meal  is  not  hydrolyzed  by  the  diastase  of  barley  malt,  according  to  Neville  (5) 
nor  is  apple  marc  and  its  pectin,  according  to  Schneider  (d). 
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Accordingly,  the  starch  content  of  several  linseed  meals,  the  approxi- 
mate degree  of  purity  of  which  had  been  ascertained,7  (8)  was  determined 
by  a  method  of  which  the  following  are  the  salient  points: 

After  extracting  with  ether,  the  charge  was  leached  with  70  per  cent 
alcohol  8  to  remove  part  at  least  of  the  sugars  and  other  interfering 
substances.  To  correct  further  for  any  effect  that  might  be  exerted  by 
interfering  substances  not  extracted  by  the  70  per  cent  alcohol,  a  control 
determination  was  conducted,  in  which  the  starch  hydrolysis  was  omitted 
and  in  which  only  the  effect  of  the  soluble  carbohydrates  was  measured. 

Hydrolysis  of  the  starch  was  effected  by  digestion  with  taka-diastase, 
following  the  method  of  Davis  and  Daish  (5). 

Mucilage  and  other  interfering  polysaccharide  were  coagulated  by 
75  per  cent  alcohol  and  separated  from  the  soluble  starch  conversion 
products,  presumably  maltose  and  dextrose,  by  filtration.  After  eliminat- 
ing alcohol  from  the  filtrate  by  evaporating  over  steam,  the  starch  con- 
version products  were  hydrolyzed  by  acid  and  the  dextrose  was  de- 
termined. The  results  obtained  were  corrected  by  deducting  first  the 
dextrose  in  the  taka-diastase  blank,  and,  second,  the  dextrose  represent- 
ing the  control  determination  in  which  the  starch  was  not  hydrolyzed. 

RESULTS  OBTAINED  WITH  PRELIMINARY  METHOD 

The  results  obtained  by  this  method  on  the  linseed  cakes  and  meals 
examined  and  the  proximate  analyses  of  these  products  are  given  in 
Table  I. 

Table  I. — Starch  in  linseed  by-products  of  known  composition0 


Material  analyzed. 


Adulterated  linseed  meal 
(Sample  26291) 

Linseed  cake  containing 
excessive  foreign  matter 
(traced)  (Sample  27243) . . 

Linseed  cake  (traced)  (Sam- 
ple 27247) 

Linseed  cake  (traced)  (Sam- 
ple 27262)  

Adulterated  linseed  meal 
(Sample  27274) 

Flax  screenings  cake  (traced) 
(Sample  27275) 

Nonflax  matter  from  flax 
screenings  (composition 
calculated) 

Linseed  cake(traced)  (Sam- 
ple 27276)  


o 
55 


Per 
cent. 
628.0 


8.6 

3-8 

3-3 

&14.  o 

89.8 

100.  o 
5-6 


Composition  on  original  basis. 


a! 

3 
-t-» 

■3 

3 


Per 

cent. 
10.  o 


9.6 
10.  2 
10.  5 


Per 

cent. 
7.2 


1.4 
c  1.  o 


9-  7  !     1-4 


9-4 


10.  s 


16.3 


1.8 


3 


Per 

cent. 
6.8 


5-9 

6.8 
6.7 
7.2 
8.4 


5-o 


.5 


3 


Per 

cent. 
30.  s 

34-8 
34-8 
3S-8 
33-8 
17.9 


34-9 


■a 

3 


Per 

cent. 
10.  o 


8.1 

8.  1 

7.8 

8.6 

16.  o 


8.1 


Per 

cent. 


5-6 
S-3 
5-1 

5-6 
8.3 


6-S 


Composition  on  moisture-free 
and  ether-extract-free  basis. 


2 


Per 

cent. 

8.7 

1-7 
r-7 
1-3 
1-7 
19.8 

22.  o 
2.  1 


3 


Per 
cent. 
36.6 


41.  1 
41.9 
43-2 


«t 
(J 

•a 

s 


Per 
cent. 
12.  o 


40.6 
21.8 

19.  1 
41.4 


33.  5 
9-5 


< 

Per 

cent. 
7.0 


qj    CO 

31   . 

O    O    !-. 

o  a  « 
u       eg 

So  a 


Per 

cent. 
25-  V 

16.  2 
36.8 
f  40. 9 
10.  o 
18.2 


32-  1 


1  These  meals  were  prepared  from  traced  linseed  cakes.  The  investigator  took  samples  from  the  seed 
entering  the  iolls,  traced  the  seed  through  the  crushing,  cooking,  and  pressing,  and  took  a  representative 
section  of  the  resulting  cake.  The  percentage  of  nonflax  material  in  the  seed  was  ascertained  without 
difficulty.  As  practically  all  of  the  expressed  oil  comes  from  the  flaxseed  and  for  practical  purposes  con- 
stitutes one-third  of  the  weight  of  the  seed,  it  follows  that  the  percentage  of  foreign  matter  in  the  cake  or 
meal  is  i*A  times  that  in  the  seed  crushed.  ...     1 

8  It  was  subsequently  shown  that  35  per  cent  alcohol  percolates  through  linseed  meal  with  almost  equal 
facility  and  is,  of  course,  a  better  solvent  for  interfering  carbohydrates  (p.  998). 

a  The  starch  was  determined  by  the  taka-diastase  method,  corrected  by  a  "  control "  determination. 

6  The  content  of  nonflax  material  in  this  sample  was  calculated  from  data  obtained  through  inspection 
of  the  mill. 

e  From  subsequent  work,  the  true  starch  content  is  believed  to  be  1.34  per  cent  (1.62  per  cent  on  the  dry, 
fat-free  basis). 
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This  method  was  tedious  and  open  to  the  objection  that  nothing 
definite  was  known  as  to  the  fate  of  the  interfering  carbohydrates,  other 
than  the  mucilage,  during  the  taka-diastase  digestion.  Furthermore, 
Horton  (4)  questioned  the  validity  of  the  conclusion  of  Davis  and  Daish, 
that  starch  was  quantitatively  converted  by  taka-diastase  into  maltose 
and  dextrose. 

REVISED    METHOD 

The  apparent  solubility  in  rather  strong  alcohol  of  the  conversion 
products  obtained  through  a  properly  conducted  malt-diastase  diges- 
tion of  starch  was  considered.9  Experiments  were  undertaken  to  test 
the  feasibility  of  using  strong  alcohol  as  the  medium  for  separating  such 
starch  conversion  products  from  mucilage  or  other  interfering  p  ly- 
saccharids.  Neither  the  dextrine  nor  any  other  conversion  product 
obtained  by  digesting  starch  with  an  infusion  of  barley  malt  (under 
conditions  fully  described  on  p.  1003- 1004)  was  thrown  out  of  solution  10 
by  alcohol  of  60  per  cent  strength.  Starch  determinations  made  on  0.8 
and  1.2  gm.  charges  of  prepared  starch,  in  which  the  conversion  prod- 
ucts were  subjected  to  the  action  of  60  per  cent  alcohol,  yielded  results 
accounting  for  100  per  cent  of  the  starch  known  to  be  present.  On 
the  other  hand,  alcohol  of  this  strength  served  perfectly  to  coagulate 
and  precipitate  linseed  mucilage  and  apple  pectin.  It  was  shown  also 
that  35  per  cent  alcohol  served  well  in  the  preliminary  extraction  of 
sugars  and  other  carbohydrates  that  affect  the  results  in  a  determination 
of  starch. 

A  new  method  of  analysis,  consisting  of  the  following  steps,  was 
devised:  (a)  Preliminary  extraction  with  35  per  cent  alcohol;11  (b)  con- 
version of  the  starch  by  an  infusion  of  barley  malt;  (c)  separation  of 
mucilage  or  other  interfering  polysaccharid  by  its  coagulation  and 
precipitation  in  60  per  cent  alcohol;  (d)  elimination  of  alcohol  from 
the  filtrate  by  evaporation  and  acid  hydrolysis  of  the  starch  conversion 
products  to  dextrose;  (e)  defecation  of  the  acid  dextrose  solution  by 
phosphotungstic  acid;  and  (f)  determination  of  the  dextrose  by  copper 
reduction. 

RESULTS  OBTAINED   WITH  REVISED    METHOD 

In  order  to  test  the  accuracy  of  the  method,  determinations  were 
made  on  charges  containing  known  quantities  of  added  starch.  The 
starch  used  for  this  purpose  was  prepared  by  washing  a  good  grade  of 
cornstarch  with  water  until  the  extract  gave  no  blue  color  with  iodin, 
washing  with  95  per  cent  alcohol  and  then  with  ether,  and  finally  drying 
in  a  vacuum  oven  at  65 °  to  700  C. 

Analysis  of  this  prepared  starch  gave  the  following  results :  Starch  by 
the  official  acid  hydrolysis  method,12  average  of  4  determinations,  87.62 
per  cent;  starch  by  the  malt-diastase  method,  with  the  60  per  cent 
alcohol  purification,  average  of  2  determinations,  87.19  per  cent;  ash, 
0.10  per  cent;  nitrogen  by  a  micro-kjeldahl  determination,  0.077  per 

9  H.  C  Gore,  of  the  Bureau  of  Chemistry,  showed  that  a  heavy  malt  sirup  formed  a  clear  solution  in 
alcohol  of  a  concentration  of  more  than  60  per  cent. 

10  The  highest  concentration  of  starch  conversion  products  tested  was  that  corresponding  to  1.5  gm. 
of  original  starch  to  500  cc.  of  the  60  per  cent  alcohol.  No  turbidity  developed  overnight.  In  80  per  cent 
alcohol  some  turbidity  was  noticeable. 

11  Twenty-five  per  cent  alcohol,  being  a  better  solvent,  serves  best  with  materials  that  are  not  impervious 
to  it. 

11  This  check  determination  was  made  by  J.  I.  Palmore,  of  the  Food  Control  Laboratory,  Bureau  of 
Chemistry. 
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cent.  A  combustion  determination13  of  carbon  and  hydrogen  gave  the 
following  results:  Carbon,  40.67  per  cent,  and  hydrogen,  6.68  per  cent, 
indicating  a  hexosan  content  of  91. 5314  per  cent  and  a  water  content 
(uncombined)  of  8.79  per  cent. 

The  foregoing  determinations  were  made  on  the  starch  near  the  close 
of  the  experimental  work,  several  months  after  the  samples  had  been 
prepared.  The  material  was  quite  hygroscopic,  and  the  percentage  of 
starch  determined  by  modifications  of  the  official  malt-diastase  method 
was  higher  at  the  time  of  preparing  the  starch  than  four  and  five  months 
later.  The  percentage  of  starch  ranged  from  89.65  to  87.19,  owing,  it 
is  believed,  to  the  absorption  of  moisture  from  the  air.  The  values 
accepted  as  representing  the  true  starch  content  of  this  standard  sample 
are  88.9  per  cent  for  the  earlier  experiments  and  87.5  per  cent  for  the 
later  work.  Throughout  this  study,  the  factor  0.90  was  used  in  cal- 
culating starch  from  dextrose.  The  factor  0.93  probably  more  nearly 
represents  the  actual  yield  (1,  p.  95).  Had  this  factor  been  used,  the 
accepted  values  would  have  been  91.9  per  cent  for  the  earlier  and  90.4 
per  cent  starch  for  the  later  work.  The  validity  of  the  figures  showing 
the  value  of  the  methods  of  analysis  is  not  affected  by  the  factor  used. 

Working  with  dried  apple  by-products,  with  and  without  added 
starch,  the  new  method  was  compared  with  the  Cassal  colorimetric  method 
and  the  official  malt-diastase  method.  The  results  obtained  were  not 
entirely  satisfactory.  While  the  official  method  yielded  results  that 
were  too  high,  owing  undoubtedly  to  the  inclusion  of  some  pectin,  the 
alcohol  precipitation  method  failed  to  fully  account  for  all  the  starch 
present.  The  results  obtained  on  a  sample  of  linseed  meal  containing 
known  quantities  of  starch  also  were  unsatisfactory  in  this  first  test  with 
the  method. 

CORRECTION  OF  REVISED  METHOD 

It  was  thought  that  the  failure  to  account  for  all  starch  known  to  be 
present  might  be  due  to:  (a)  Formation  of  mucilaginous  lumps  in  the 
material,  during  gelatinization,  which  subsequently  served  to  shield  par- 
ticles of  starch  from  the  dissolving  action  of  the  malt  extract;  (b)  failure 
to  thoroughly  break  up  the  ropy  coagulum  formed  in  the  60  per  cent 
alcohol,  with  consequent  occlusion  of  some  of  the  more  concentrated 
portions  of  the  solution;  (c)  adsorption  of  maltose  and  dextrine  by  the 
coagulated  colloids. 

Accordingly,  the  method  of  analysis  was  reviewed  to  correct  any 
errors  in  technic.  The  details  and  precautions  to  be  observed  are 
fully  set  forth  in  the  final  statement  of  the  method  of  analysis  advocated 
(p.    1002-1005). 

If  adsorption  of  the  starch  conversion  products  were  primarily  re- 
sponsible for  the  low  results,  it  seemed  reasonable  to  expect  that  this 
error  could  be  obviated  by  double  precipitation  with  the  60  per  cent 
alcohol. 

TESTING   FOR  ADSORPTION   BY   DOUBLE   PRECIPITATION 

After  the  first  precipitation  in  60  per  cent  alcohol,  the  500  cc.  of 
liquid  was  thoroughly  mixed  with  the  coagulum,  by  pouring  the  mixture 

11  The  determinations  of  nitrogen,  carbon,  and  hydrogen  were  conducted  by  J.  F.  Ellis,  of  the  Nitrogen 
Section,  Bureau  of  Chemistry. 

M  A  small  quantity  of  cell  wall  tissue  (cellulose)  in  the  sample  counts  as  starch  in  a  combustion  deter- 
mination. 
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back  and  forth  from  one  container  to  another,  and  filtered  through  dry 
paper,  care  being  taken  to  avoid  the  loss  of  any  of  the  solution  or  mate- 
rial.15 The  filter  was  allowed  to  drain  until  there  was  no  danger  of  loss 
of  filtrate  on  removing  the  paper  and  its  contents  from  the  funnel.  The 
total  volume  of  filtrate  that  had  drained  through  was  ascertained.  The 
aliquot  represented  by  it16  was  designated  F  and  the  whole  solution, 
Solution  i.  Using  about  150  cc.  of  hot  water,  the  filter  paper  and 
coagulum  contained  in  it  were  returned  to  the  500  cc.  volumetric  flask, 
care  being  taken  to  rinse  back  all  material  adhering  to  the  containers 
previously  used  in  the  mixing  operation.  (This  serves  to  redissolve  the 
mucilage,  and  the  solution  also  contains  that  portion  of  Solution  1  which 
did  not  drain  through  the  filter.)  The  aqueous  mixture  in  the  500  cc. 
flask  was  shaken  hard  and  thoroughly  and,  after  cooling,  the  colloids 
were  reprecipitated  with  316  cc.  of  95  per  cent  alcohol,  the  precaution 
of  adding  the  alcohol  in  small  portions  and  mixing  to  keep  the  coagulated 
material  broken  up  being  taken. 

The  total  volume  of  liquid  was  completed  to  500  cc.  with  water, 
mixed  as  before,  by  pouring  it  back  and  forth,  and  filtered  through  dry 
paper.  This  filtrate  is  called  Solution  2.  Aliquots  of  200  cc.  of  Solution 
1  and  Solution  2  were  evaporated  in  separate  beakers,  over  steam,  and, 
after  the  usual  acid  hydrolysis  and  purification,  the  dextrose  in  each  ali- 
quot was  determined. 

The  additional  determination  of  dextrose  can  not  be  avoided  when 
double  precipitation  is  employed.  Hypothetically,  the  charge  of  starch 
rendered  soluble  by  the  diastase  digestion,  after  the  precipitation  of  col- 
loids by  alcohol,  may  be  considered  as  existing  in  two  forms:  Unadsorbed 
portion  (S),  freely  in  solution  in  the  60  per  cent  alcohol;  and  a  portion  (A) 
supposedly  adsorbed  by  the  coagulum. 

As  .S  is  entirely  in  solution,  its  quantity  is  readily  obtainable  from  the 
quantity  of  dextrose  found  in  the  aliquot  of  Solution  1.  The  estimation 
of  A ,  however,  is  not  so  simple.     In  the  second  alcohol  extract  (Solution 

CQO F 

2)  there  is  presumably  not  only  all  of  A 17,  but  also of  5.     (The 

o 
ejoo — F 

quantity represents  the  aliquot  of  Solution  1  that  adhered  to  the 

filter  and  coagulum.)  Thus  the  dextrose  determined  on  the  200  cc. 
aliquot  of  Solution  2  is  represented  by (A  + S)  and  the  dex- 
trose determined  on  the  200  cc.  aliquot  of  Solution  1  is  represented  by 
— —  #S.     In  the  two  equations  indicated,  F  is  known,  and  5  and  A  are 

readily  obtainable.  The  total  dextrose  representing  the  starch  in  the 
original  charge  should  equal  S+A.  This  value,  of  course,  must  be  cor- 
rected for  the  dextrose  determined  in  the  malt  blank.  This  correction 
properly  is  made  by  calculating  back  to  the  quantity  of  dextrose  in  the 
malt  infusion  added  to  the  mash,  and  subtracting  this  directly  from 
S+A.     The  remainder,  multiplied  by  0.9,  gives  the  starch  content. 

16  A  correction  was  obtained  for  dextrose  due  to  the  malt  infusion  and  filter  paper,  by  proceeding  with 
the  malt  blank  determination  in  exactly  the  same  way. 

18  The  aliquot  may  be  accurately  and  conveniently  determined  by  weighing  the  original  500  cc.  of  solu- 
tion (by  deducting  the  weight  of  solid  material  from  the  total),  and  also  the  filtrate,  on  a  balance  sensitive 
to  1  gm. 

17  Theoretically  this  would  not  be  strictly  true,  owing  to  the  proportional  distribution  of  solute  maintained 
between  solution  and  adsorbent.  The  quantity  of  starch  conversion  products  so  withheld  from  solution, 
however,  would  be  negligible,  because  of  the  dilution. 
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RESULTS  OBTAINED  WITH  CORRECTED  REVISED  METHOD 

Starch  determinations  by  the  new  method,  with  the  added  feature  of 
double  alcohol  precipitation,  were  made  on  a  sample  of  linseed  meal  of 
known  degree  of  purity  and  on  mixtures  of  this  linseed  meal  and  known 
quantitites  of  starch.  This  linseed  meal  (Sample  27262)  was  a  ground 
traced  cake,  and,  as  calculated  from  the  foreign  matter  in  the  seed  before 
crushing,  contained  3.3  per  cent  of  nonflax  material.  Analysis  showed 
it  to  have  the  following  percentage  composition:  Moisture,  10.5;  ether 
extract,  6.7;  crude  fiber,  7.8;  crude  protein,  35.8;  ash,  5.1. 

The  results  obtained  by  a  single  60  per  cent  alcohol  defecation  (repre- 
sented by  S) ,  as  well  as  by  the  double  precipitation  on  the  same  charges, 
are  interpreted  in  Table  II. 

TABLE  II. — Comparison  of  the  single  and  double  alcohol  precipitation  modifications  of 
the  malt-diastase  method  for  starch  in  linseed  meal 
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hol precipitation 
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Starch  by  double  al- 
cohol precipitation 
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The  second  alcohol  precipitation  was  not  only  unnecessary,  but  it  be- 
came a  source  of  error  because  of  the  increase  in  the  value  of  the  malt 
control.  The  dextrose  determined  on  Solution  2  (A)  does  not  represent 
adsorbed  material.  At  least  if  there  was  any  adsorption  of  starch  con- 
version products,  it  was  so  slight  as  to  be  practically  negligible. 

Other  conditions  being  constant,  the  weight  of  the  solute  18  adsorbed 
should  be  proportional  to  the  weight 1U  of  the  adsorbent  (in  this  case  the 
coagulum).  The  quantity  of  coagulum  being  constant,  the  weight  of 
solute  adsorbed  should  increase  with  the  concentration  of  the  solute. 


19  By  solute  in  this  case  is  meant  starch  conversion  products  (maltose  and  dextrine). 

'•  The  adsorption  is  proportional  to  the  active  surface  area  of  the  adsorbent.     This  is  assumed  to  be 
proportional  to  the  weight. 
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In  Table  II,  A  is  greatest  for  the  malt  controls,  in  which  the  concentra- 
tion of  solute  was  lowest  and  the  quantity  of  coagulum  was  almost 
.  negligible.20  Taking  the  other  extreme  (the  mixture  containing  the 
largest  quantity  of  added  starch),  the  values  for  A  are  the  smallest 
reported,  while  the  concentration  of  solute  was  the  second  highest  and 
the  quantity  of  coagulum  was  relatively  large. 

While  the  indications  are  that  there  is  little  adsorption,  if  any,  an 
attempt  to  explain  from  the  data  at  hand  the  high  relative  values  for  A , 
particularly  for  the  malt  controls,  must  consist  largely  of  theorizing. 
The  quantities  of  cuprous  oxid  actually  obtained  (from  an  aliquot  of 
Solution  2),  on  which  the  values  for  A  are  based,  however,  were  small, 
ranging  from  8.8  to  23.6  mgm.  The  application  of  any  substantial  cor- 
rection for  the  effect  on  the  copper  reduction  of  the  reagents  used  in 
defecation  21  to  these  results  would  greatly  reduce  the  values  for  A ,  and 
the  effect  would  be  emphasized  in  the  case  of  the  malt  controls,  for 
which  the  yield  of  cuprous  oxid  from  Solution  2  was  smallest. 

The  results  obtained  by  carefully  following  this  method,  using  a  single 
precipitation  with  60  per  cent  alcohol,  furnish  sufficient  evidence  of  its 
fundamental  soundness,  and  the  investigators  recommend  it  for  the 
determination  of  starch  in  materials  which,  like  linseed  meal  and  apple 
pomace,  contain  interfering  polysaccharids.  In  using  the  method, 
however,  the  analyst  must  give  painstaking  attention  to  details,  particu- 
larly to  those  operations  dealing  with  the  colloidal  substances,  such  as 
the  gelatinizing  to  a  smooth  paste,  the  thorough  breaking  up  of  coagula, 
and  the  subsequent  mixing.  It  is  also  highly  important  to  control 
carefully  the  conditions  that  prevail  during  the  dissolving  and  con- 
version of  the  starch.  Work  conducted  in  the  Bureau  of  Chemistry  has 
shown  that  the  starch  is  best  brought  into  solution  by  starting  the  first 
digestion  with  malt  infusion  at  a  temperature  well  below  55  °  C,  then 
slowly  raising  it  to  700,  holding  it  there  for  the  specified  time,  and  con- 
tinuing to  increase  the  temperature  to  8o°.  While  the  saccharifying 
enzyms  (the  maltase)  are  believed  to  be  destroyed  by  temperatures  of 
700  and  higher,  other  starch  liquefying  enzyms  present  in  the  malt 
infusion  are  more  active  at  the  higher  temperatures,  and  complete 
solution  of  the  starch  is  attained.  The  second  saccharifying  digestion 
is  conducted  at  55 °. 

Because  of  the  difficulties  mentioned,  the  method  of  analysis  is  dis- 
cussed in  greater  detail  than  would  ordinarily  be  necessary. 

METHOD   RECOMMENDED 
PREPARATION   OF    MALT   EXTRACT 

Use  clean,  new  barley  malt  of  known  efficacy  and  grind  it  only  as 
needed.  Grind  the  malt  well,  but  not  so  fine  that  filtration  will  be 
greatly  retarded.  Prepare  an  infusion  of  the  freshly  ground  malt,  just 
before  it  is  to  be  used.  For  every  80  cc.  of  the  malt  extract  required 
digest  5  gm.  of  the  ground  malt  with  100  cc.  of  distilled  water,  at  room 
temperature,  for  2  hours,  or  for  1  hour  if  the  mixture  can  be  stirred  by 

80  The  nature  of  the  small  quantity  of  coagulum  from  the  malt  controls  differed  from  that  obtained  from 
linseed  meal.    This  might  have  significance  had  there  been  sufficient  adsorption  to  be  of  importance. 

*  There  is  some  cause  for  believing  that  the  use  of  phosphotungstic  acid  slightly  increases  the  reduction 
of  copper  in  Fehling's  solution. 
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an  electric  mixer  for  periods  of  5  minutes  three  or  four  times.  Filter  to 
obtain  a  clear  extract.  (It  may  be  necessary  to  return  the  first  portions 
of  the  filtrate  to  the  filter.)     Mix  the  infusion  well. 

PREPARATION    OF    CHARGE 

Weigh  out  a  definite  charge  of  from  2  to  6  gm. 22  of  the  finely  pul- 
verized and  well-mixed  sample,23  using  the  smaller  charges  in  the  case 
of  materials  containing  much  gel-forming  substance.  (The  weight  of 
starch  in  the  charge  must  not  exceed  1.5  gm.)  Transfer  to  a  dry  filter 
paper  held  in  place24  in  a  glass  funnel  of  the  usual  type.  It  is  not 
necessary  to  use  a  hardened  filter;  any  tight,  high-grade  paper,  12^  or 
15  cm.  in  diameter,  will  be  satisfactory. 

EXTRACTION    OF    CHARGE 

Extract  the  charge  with  5  successive  portions  of  ethyl  ether,  taking  for 
each  portion  more  than  enough  to  cover  the  charge.  Use  a  cover  glass 
to  retard  evaporation.  After  completing  the  extraction,  allow  the  ether 
to  evaporate  and  extract  the  charge  with  weak  alcohol.  The  concentra- 
tion of  the  alcohol  may  be  varied  somewhat  to  suit  the  material  under 
examination.  For  linseed  meal  35  per  cent  alcohol  (by  volume)  must  be 
used,  while  for  dried  apple  pomace  25  per  cent  alcohol  is  best.  Use  300 
cc.  of  the  alcohol  to  obtain  the  required  thoroughness  of  extraction. 
Follow  this  with  several  filterfuls  of  95  per  cent  alcohol,  and  finish  the 
leaching  operations  with  a  second  ether  extraction.  (It  is  convenient  to 
have  the  charge  stand  overnight  at  this  point  to  allow  the  ether  and 
alcohol  to  evaporate,  as  alcohol  must  be  eliminated  before  starting  the 
digestion  with  malt.) 

Start  the  preparation  of  the  malt  infusion. 

A  correction  for  the  dextrose  in  the  malt  extract  is  obtained  by  con- 
ducting a  control  determination,  preferably  in  duplicate.  Starting  with  a 
piece  of  the  filter  paper  extracted  with  alcohol,  distilled  water  is  added, 
and  the  control  is  carried  along  side  by  side  with  the  actual  starch  deter- 
mination, being  subjected  to  the  gelatinization  temperature,  receiving 
the  same  quantities  of  malt  extract,  and  being  treated  similarly  in  every 
respect. 

GELATINIZATION 

To  return  to  the  primary  determination,  transfer  the  paper  and  charge 
(free  from  more  than  traces  of  alcohol)  to  a  300  cc.  Erlenmeyer  flask,  and 
mix  well  with  from  20  to  30  cc.  of  distilled  water,  macerating  paper  and 
material  to  give  a  perfectly  smooth  paste.  Add  100  to  125  cc.  of  boiling 
water.  Mix  quickly,  but  thoroughly,  and  with  constant  stirring.  Then 
heat  the  contents  of  the  flask  until  it  boils  freely.  In  the  case  of  muci- 
laginous materials  like  linseed  meal  it  is  necessary  to  transfer  the  flask 
to  a  boiling  water  bath  to  complete  the  gelatinization.  Gelatinize  thor- 
oughly, without  scorching  or  adhesion  of  the  material  to  the  bottom  of 
the  flask.     The  mixture  should  be  smooth  and  free  from  lumps. 


2>  Charges  of  4  gm.  tor  linseed  meal,  or  3  gm.  for  dried  apple  pomace,  have  been  found  to  be  satisfactory. 
M  The  entire  sample  should  be  ground  to  pass  freely  through  a  sieve  of  not  less  than  40  mesh  to  the  inch 
It  is  preferable  to  have  the  material  sufficiently  fine  to  freely  pass  a  60-mcsh  sieve. 
u  An  ordinary  paper  clip  serves  well  to  clamp  the  paper  in  place. 
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MAI/T-DIASTASE   DIGESTION 

Cool  to  50°C.  or  lower,  add  20  cc.  of  the  malt  infusion,  to  controls  as  well 
as  to  charges,  and  place  the  flasks  in  a  temperature-controlled  water 
bath.  Keeping  the  mash  thoroughly  mixed,  gradually  raise  the  tem- 
perature to  700,  taking  from  20  to  30  minutes  to  accomplish  this.  Main- 
tain at  700  for  30  minutes,  stirring  the  mixture  from  time  to  time.  Then 
increase  the  temperature  to  8o°  and  hold  it  there  for  10  minutes.  Finally 
heat  to  the  boiling  point.  Keep  the  mixtures  well  stirred,  as  this 
amounts  to  a  second  gelatinization. 

Cool  the  contents  of  the  flasks  and  the  water  bath  to  550  C.  Add  20  cc. 
of  the  malt  extract,  mix  well,  and  hold  at  550  for  1  hour,  stirring  about 
once  every  10  minutes.  At  the  termination  of  the  digestion  rapidly 
increase  the  temperature  to  above  8o°. 

DEFECATION   WITH   60   PER   CENT   AECOHOL, 

The  total  volume  of  the  hot  mash  should  not  exceed  200  cc.  Transfer 
each  mash  to  a  500  cc.  volumetric  flask.  A  little  hot  water  may  be  used 
for  rinsing,  provided  the  total  volume  of  the  mixture  does  not  exceed 
200  cc.  Reserve  the  flask  for  subsequent  rinsing.  Measure  out  316  cc. 
of  95  per  cent  alcohol.  Add  a  portion,  a  little  at  a  time,  to  the  contents 
of  the  flask,  with  thorough  shaking  between  additions.  As  soon  as 
enough  alcohol  has  been  added  to  coagulate  the  colloidal  matter,  allow 
the  coagulum  to  settle  somewhat,  and  pour  a  little  of  the  supernatant 
liquid  back  into  the  Erlenmeyer  flask  used  in  the  digestion,  thoroughly 
rinsing  the  contents  into  the  volumetric  flask.  Complete  the  addition  of 
the  316  cc.  of  strong  alcohol,  with  constant  mixing,  avoiding  any  loss  of 
material,  and,  after  cooling  to  room  temperature,  adjust  the  volume  with 
water  so  that  the  quantity  of  liquid  is  500  cc.  (Allowance  is  made  for 
the  volume  occupied  by  the  charge  by  adding  3  cc.  of  water  for  every  4 
gm.  of  charge  present,  after  bringing  the  contents  of  the  flask  up  to  the 
500  cc.  mark.) 

The  starch  conversion  products  from  the  original  charge  should  be  con- 
tained in  the  500  cc.  of  60  per  cent  alcohol.  The  determination  may  be 
interrupted  at  this  stage  for  several  days,  if  need  be,  but  it  would  be 
necessary  to  readjust  the  volume  of  solution  if  there  were  a  change  in 
temperature. 

Mix  thoroughly,  breaking  up  any  ropy  coagulum  as  much  as  possible, 
by  pouring  back  and  forth  from  one  large  breaker  to  another.  Filter 
through  dry  paper.  Test  the  solid  residue  for  starch,  either  micro- 
scopically or  by  the  iodin  color  test,  after  elimination  of  alcohol  and 
gelatinization  with  water.  If  more  than  the  merest  trace  of  starch  is 
found,  reject  the  entire  determination.  Evaporate  exactly  200  cc.  of  the 
filtrate  on  a  steam  bath  to  a  volume  of  from  15  to  20  cc,  or  until  prac- 
tically all  alcohol  has  been  expelled.  Do  not  allow  the  evaporation  to 
proceed  to  dryness. 

ACID   HYDROLYSIS 

Transfer  the  aqueous  residue  of  starch  conversion  products  to  a  200  cc. 
volumetric  flask  with  hot  water,  using  a  rubber  policeman  to  recover  all 
of  the  dextrine.  Allow  to  cool  somewhat,  and  complete  the  volume  to 
200  cc.  Transfer  the  contents  to  a  suitable  digestion  flask,  add  20  cc.  of 
hydrochloric  acid  (sp.  gr.  1.125),  and  connect  the  flask  with  a  reflux  con- 
denser.    Heat  in  a  boiling  water  bath  for  2x/2  hours. 
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PURIFICATION    OF    DEXTROSE     SOLUTION    AND    DETERMINATION    OF    DEX- 
TROSE  BY   COPPER   REDUCTION 

Cool  and,  in  the  case  of  linseed  meal  or  other  material  yielding  solutions 
which  at  this  stage  need  further  purification,  add  not  more  than  1  cc. 
of  a  10  per  cent  solution  of  phosphotungstic  acid  in  1  per  cent  hydro- 
chloric acid.  Mix  and  allow  to  stand  for  15  minutes  at  least.  Increase 
the  volume  with  water  to  250  cc.  in  a  volumetric  flask,  mix  well,  and 
filter  through  dry  paper.  Partially  neutralize  200  cc.  of  the  filtrate 
while  stirring  by  adding  10  cc.  of  a  heavy  solution  of  caustic  soda  (44  gm. 
of  sodium  hydroxid  per  100  cc.  of  the  cooled  solution)  and  nearly  com- 
plete the  neutralization  with  a  little  powdered  sodium  carbonate.25 
Transfer  to  a  250  cc.  flask  with  water,  cool  to  room  temperature,  make 
up  to  the  mark,  and  mix  well.  Filter,  if  necessary,  and  determine  the 
dextrose  in  a  50  cc.  aliquot  of  the  filtrate,  by  copper  reduction,  employing 
the  gravimetric  method  either  of  Munson  and  Walker  or  of  Allihn. 
Correct  the  weight  of  dextrose  obtained  by  the  weight  of  dextrose  2t 
found  for  the  same  aliquot  of  the  malt  control,  and  multiply  the  corrected 
weight  of  dextrose  by  0.90  to  obtain  the  weight  of  starch.  (This  factor 
0.90  represents  the  theoretical  ratio  between  starch  and  dextrose  and 
was  used  throughout  this  study,  although  several  other  investigators  (1, 
p.  95)  have  shown  that  the  factor  0.93  more  nearly  represents  the  actual 
yield.) 

aeiquots 

_,  200     200       50 

Charge  X X X  -^-, 

0       500     250     250 

or, 

Charge  x  0.064. 

SUMMARY 

A  method  for  the  accurate  determination  of  the  starch  content  of 
material  containing  interfering  polysaccharids  is  needed  as  an  aid  in  the 
examination  of  impure  linseed  meals,  apple  products,  and  other  sub- 
stances containing  important  quantities  of  mucilage,  pectin,  or  car- 
bohydrates of  that  character. 

Linseed  meal  is  sometimes  adulterated  with  weed  seeds  and  other 
impurities.  Unless  these  impurities  are  present  in  excessive  quantities 
it  is  impossible  to  demonstrate  such  sophistication  by  the  usual  chemical 
analysis.  The  pure  seed  of  the  flax  plant,  however,  contains  no  starch. 
As  the  nonflax  material  normally  associated  with  flaxseed  would  con- 
tain no  more  than  50  per  cent  of  starch,  and  the  allowable  limit  of  such 
nonflax  material  is  6  per  cent,27  any  linseed  meal  containing  more  than 
3  per  cent  of  starch  may  be  held  to  be  adulterated. 

The  interfering  polysaccharids  are  a  serious  obstacle  to  a  correct 
determination  of  starch.  Plant  mucilages  when  moistened  are  prac- 
tically impervious  to  water  or  weak  alcohol.  This  prevents  the  leaching 
out  of  sugars  by  these  solvents.  Unless  the  mucilages  and  pectins, 
which  are   polysaccharids,    are   eliminated   before   the   acid  hydrolysis, 


"  Anhydrous  carbonate  is  preferable,  as  it  dissolves  rapidly. 

"  In  the  official  A.  O.  A.  C  diastase  method  ( i)  the  direction  to  ' '  correct  the  weight  of  reduced  copper" 
by  that  found  in  the  malt  blank  is  wrong. 
57  None  of  this  6  per  cent  shall  be  deliberately  added. 
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they  yield  reducing  sugars,  thereby  increasing  the  aooarent  starch 
content. 

Several  methods  of  analysis  were  formulated  and  tried,  with  varying 
degrees  of  success.  The  method  finally  adopted  is  based  on:  (a)  Ex- 
traction of  the  material  with  ether,  alcohol  of  from  25  to  35  per  cent 
strength,  depending  on  the  material,  alcohol  of  full  strength,  and  finally 
again  with  ether  to  eliminate  interfering  soluble  substances ;  (b)  gelatini- 
zation  and  conversion  of  the  starch  by  digestion  with  an  infusion  of  barley 
malt ;  (c)  elimination  of  interfering  polysaccharids  by  precipitating  these 
substances  in  60  per  cent  alcohol ;  (d)  evaporation  of  the  filtrate  to  drive 
off  the  alcohol,  and  subsequent  acid  hydrolysis  of  the  starch  conversion 
products ;  (e)  defecation  of  the  resulting  dextrose  solution  with  phospho- 
tungstic  acid;  and  (f)  determination  of  the  dextrose  by  copper  reduction. 

A  sample  of  starch  for  use  as  a  standard  was  prepared,  and  definite 
quantities  were  added  to  charges  of  linseed  meal  of  known  purity.  These 
charges  were  analyzed  by  the  proposed  method.  From  97.2  to  99.9  per 
cent  of  the  starch  known  to  be  present  was  accounted  for  by  the  determi- 
nations. 

The  possibility  of  adsorption  of  the  starch  conversion  products  by  col- 
loids coagulated  by  the  60  per  cent  alcohol  was  investigated,  by  precipi- 
tating twice  with  60  per  cent  alcohol  and  analyzing  both  filtrates.  If 
there  is  any  adsorption,  for  practical  purposes  the  amount  is  negligible. 
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BIOLOGICAL  NOTES  ON  THE  HEN  FLEA,  ECHIDNO- 
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Bureau  of  Entomology,  United  States  Department  of  Agriculture 

With  the  considerable  increase  in  poultry  production  in  the  Southwest 
the  hen  flea  (Echidnophaga  gallinacea  Westwood)  is  becoming  more  and 
more  of  economic  importance.  For  this  reason  a  biological  study  of  the 
flea  has  been  made  at  Uvalde,  Tex.,  as  time  has  permitted  and  as  oppor- 
tunity to  obtain  material  has  been  presented.  The  work  has  consisted 
of  observations  on  life  history,  seasonal  abundance,  and  natural  con- 
trol, and  some  investigations  on  artificial  control. 

METHODS   USED   IN   OBTAINING   THE   LIFE  HISTORY 

It  was  found  very  difficult  to  breed  the  fleas  under  laboratory  condi- 
tions that  wrould  permit  observation  of  individual  development.  The 
immature  stages  require  an  almost  ideal  condition  for  development. 
The  degree  of  moisture  in  the  breeding  media  must  have  a  very  narrow 
range  of  fluctuation,  and  the  range  of  temperature  within  which  the 
fleas  will  develop  is  probably  rather  narrow,  although  this  point  has  not 
been  very  definitely  determined.  Apparently  the  optimum  temperature 
ranges  from  700  to  8o°  F. 

For  individuals  or  only  a  few  specimens  5-gm.  shell  vials  were  used. 
Two  cm.  of  fine  dust  screened  from  the  floor  of  a  chicken  coop  in  which 
chickens  heavily  infested  with  the  adult  fleas  were  kept  were  placed  in 
the  tubes,  care  being  used  to  obtain  as  much  of  the  flea  excreta  as  possible. 
This  was  collected  by  placing  a  heavy  paper  in  the  coop  at  night  and 
removing  it  about  sunrise  the  next  morning  The  debris  was  then 
screened,  and  the  screenings  were  examined  for  eggs.  The  tubes  were 
closed  by  using  a  piece  of  sponge  dipped  in  water,  squeezed  nearly  dry, 
and  stuffed  loosely  into  the  mouth  of  the  tube.  Pint  Mason  jars  and 
tumblers  holding  about  a  half  pint  were  used  and  filled  about  half  full 
of  the  screenings.  A  moistened  sponge  was  pinned  to  a  muslin  cover 
and  suspended  in  the  jar.  It  was  unnecessary  to  use  the  sponge  in  larger 
containers  unless  the  humidity  was  very  low,  but  it  was  necessary  to 
cover  the  container  with  a  muslin  cover  rather  than  a  close-fitting  cover 
such  as  the  glass  top  to  the  museum  jars  used.  These  jars  were  about  5 
inches  in  diameter  and  held  about  3  quarts. 

INCUBATION 

The  incubation  period  has  been  found  to  vary  from  a  minimum  of  4 
days  to  a  maximum  of  14  days,  although  the  usual  period  is  from  6  to  8 
days.     The  minimum  period  was  obtained  when  the  temperature  was 

1  Accepted  for  publication  June  ia,  1932. 
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quite  uniform,  with  a  maximum  of  86°  F.,  a  minimum  of  690  and  an 
average  of  760.  The  maximum  period  was  obtained  in  a  mass  in  a 
tumbler  in  which  the  incubation  varied  from  9  to  14  days.  Records 
of  the  temperature  of  the  room  in  which  the  jars  were  kept  were  not 
obtained,  but  the  temperature  was  held  rather  uniformly  at  about  65 ° 
during  the  day.  The  lowest  temperature  observed  in  the  room  was  430. 
The  average  temperature  in  the  insectary  was  470,  the  maximum  8o°, 
and  the  minimum  170.  The  low  temperature  was  registered  on  the 
second  day,  and  several  of  the  eggs  failed  to  incubate;  these  were  prob- 
ably the  ones  on  the  outer  edge  of  the  mass.  About  430  may  be  con- 
sidered a  fatal  temperature  for  the  eggs. 

LARVAL  DEVELOPMENT 

The  larvae  usually  begin  to  feed  on  the  adult  excreta  within  a  few  min- 
utes after  emergence  and  develop  rapidly  for  the  first  few  hours.  The 
excreta  of  the  adult  are  apparently  necessary  for  the  development  of 
the  young,  and  these  latter  have  never  been  observed  to  feed  on  any 
other  material.  The  fatal  minimum  temperature  is  about  500  F.,  and 
all  the  larvae  in  an  incubator  died  within  a  few  hours  when  the  temperature 
was  ioo°  near  the  tube  in  which  they  were  placed.  The  minimum  larval 
period  was  14  days;  the  maximum,  31  days. 

PUPAL  PERIOD 

The  mature  larvae  construct  cocoons  of  silk  and  dust.  Apparently  they 
prefer  to  fasten  them  to  some  firm  object,  as  a  large  percentage  made 
the  cocoons  against  the  side  and  bottom  of  the  breeding  container  and 
in  many  cases  the  pupae  could  be  observed  through  the  glass.  The  pupal 
period  was  found  to  be  from  9  to  19  days. 

ADULT  DEVELOPMENT  AND  HABITS 

The  adults  were  inactive  during  the  first  few  days  after  emergence 
and  usually  did  not  attach  to  a  host  until  the  fifth  or  eighth  day.  The 
females  became  engorged  and  oviposition  began  in  from  6  to  10  days 
after  attachment.  Females  deposited  from  one  to  four  eggs  per  day, 
and  oviposition  took  place  during  both  day  and  night. 

The  following  notes  were  made  on  the  act  of  oviposition:  A  well 
engorged  flea  was  observed  in  the  act  of  passing  excreta  and  in  1 8  minutes 
it  was  observed  to  be  passing  an  egg.  In  45  seconds  the  egg  was  thrown 
with  considerable  force  and  was  apparently  free  for  several  seconds 
before  it  was  thrown.  While  examining  a  flea  on  the  head  of  a  chicken  a 
bright  drop  of  fluid  appeared;  in  10  seconds  an  egg  appeared,  and  in  less 
than  5  seconds  it  was  thrown  with  considerable  force.  The  adult  was 
observed  to  pass  more  fluid,  and  in  45  seconds  another  egg  appeared  and 
was  thrown  in  less  than  30  seconds.  Nothing  else  was  observed  to  pass 
during  the  next  half  hour.  Practically  all  oviposition  observed  has 
taken  place  while  the  fleas  have  been  attached  to  the  host.  The  adults 
remained  attached  on  the  host  from  4  to  19  days  in  the  same  place.  It 
was  not  determined  whether  they  reattach  after  once  dropping. 

Copulation  has  been  observed  to  take  place  on  the  host.  The  fleas 
were  attached  on  the  head  of  the  chicken  about  the  length  of  the  body 
apart  and  were  ventrally  by  slightly  laterally  together.     They  were  in 
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copula  when  observed  and  remained  so  for  35  minutes,  until  they  were 
slightly  disturbed  and  the  act  ended. 

The  adults  are  killed  by  freezing  temperature  and  die  within  a  few 
hours  when  exposed  in  tubes  in  an  incubator  at  a  temperature  of  ioo°  F. 

TOTAL    PERIOD   OF   DEVELOPMENT,    LONGEVITY   OF   ADULT    FLEAS, 
AND  CONDITIONS  AFFECTING  ABUNDANCE 

The  minimum  period  from  oviposition  to  the  emergence  of  the  adult 
was  30  days  and  the  maximum  period  65  days. 

Eggs,  larvae,  and  pupae  were  kept  in  a  jar  with  the  original  breeding 
media  from  December  8  until  April  18,  when  some  adults  were  still  alive 
after  a  period  of  132  days.  The  adults  can  live  for  a  considerable  time 
without  food  under  some  conditions,  and  an  infestation  will  persist  for  at 
least  two  months  in  the  adult  stage  if  the  weather  is  dry  and  cool.  Adults 
die  very  quickly  without  food  if  the  weather  is  hot. 

Breeding  occurred  during  the  winter  of  1921-22,  at  Uvalde,  Tex.,  in 
unprotected  places  where  a  large  number  of  chickens  were  kept — that  is, 
in  open  yards  and  under  trees  in  which  the  fowls  roosted.  These  infesta- 
tions increased  during  the  winter  and  early  spring  until  they  were  very 
heavy  in  the  latter  part  of  March.  The  fleas  practically  disappeared 
immediately  after  the  heavy  rains  of  March  29  and  April  3  and  4.  Two 
weeks  after  the  rains  it  was  unusual  to  find  a  flea  on  the  fowls  in  such 
places  if  the  latter  were  not  permitted  to  go  under  buildings.  It  has  been 
observed  that  the  fleas  become  abundant  during  the  fall  or  spring  of  the 
year  when  the  weather  is  cloudy  and  dry,  a  condition  that  occurs  fre- 
quently in  southwestern  Texas.  Infestations  are  likely  to  occur  at  any 
time  in  cool,  dry  places,  as  under  buildings  and  in  closely  constructed 
henhouses. 
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